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nanoscale.  The  GaAsSb  materials  system,  in  particular,  is  promising  in  the  telecommunication 
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Abstract 

Semiconductor  nanowires  are  currently  attracting  great  interest  due  to  their  unique  optical 
and  electrical  properties  with  great  prospects  for  potential  optoelectronic  device  applications  at 
nanoscale.  The  GaAsSb  materials  system,  in  particular,  is  promising  in  the  telecommunication 
wavelength  range  of  1.3-1.55  pm.  This  dissertation  describes  the  growth  of  self-catalyzed 
GaAs/GaAsSb  nano  wires  (NWs)  on  Si  (1 1 1)  substrates  using  molecular  beam  epitaxy  (MBE) 
and  growth  optimization  of  GaAs  NWs  along  with  the  p-type  doping  incorporation.  Substrate 
preparation  prior  to  the  growth  of  NWs  was  found  to  be  critical  for  achieving  vertical  and  dense 
NWs.  Both  in-situ  annealing  and  chemically  etched  substrates  were  examined.  A  detailed  growth 
study  on  the  effects  of  growth  parameters  namely  V/III  flux  ratios,  growth  temperature,  Ga 
opening  duration  used  for  the  initiation  of  NW  growth  and  effect  of  As  species  were  used  to 
determine  the  optimized  growth  condition.  Chemically  etched  substrates  provide  the  best  results 
in  terms  of  achieving  >90%  vertical  NWs  with  high  density  >10  /cm"  NWs  due  to  a  better 
control  on  the  thickness  of  the  Si02  layer  with  appropriate  micropore  opening  for  the  nucleation 
of  Ga  droplet  initiating  the  NW  growth.  A  detailed  and  systematic  study  of  morphological , 
structural,  compositional,  vibrational  and  optical  properties  of  GaAs/GaAsSb  segmented  NWs 
were  performed  on  non-etched  and  etched  substrates  using  variety  of  characterization  techniques 
namely  scanning  electron  microscope,  X-ray  diffraction,  energy  dispersive  X-ray  spectroscopy, 
(scanning)  transmission  electron  microscopy,  p -photoluminescence  and  Raman  spectroscopy. 

4K  PL  emission  energy  as  low  as  1.345eV  were  obtained  on  non-etched  substrates.  A  FWHM  of 
~70  meV  was  observed  in  the  room  temperature  photoluminescence  (PL)  for  double  segmented 
NWs.  The  low  temperature  PL  behavior  appears  to  be  dominated  by  excitons  bound  to  shallow 
defects.  Two  non-radiative  channels  were  found,  one  weakly-bound  exciton  and  the  other  related 
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to  a  deep  center,  which  appears  to  be  influenced  by  the  NW  configuration.  GaAs/GaAsSb  axial 
NWs  grown  on  chemically  etched  substrates  produced  4K  PL  emission  energy  which  redshifted 
to  1.2  eV.  Intensity  dependence  of  the  PL  emission  indicated  a  type  II  band  alignment.  The 
GaAsSb  segment  always  exhibited  a  zinc  blende  structure  with  mixture  of  stacking  faults  and 
twins  and  the  presence  of  these  faults  were  significantly  reduced  in  the  NWs  grown  on 
chemically  etched  substrates.  For  fabrication  of  an  axial  p-i-n  heterostructured  NW  photodetector 
using  the  above  segmented  configuration.  Be  doping  of  the  GaAs  NW  was  also  examined.  Be 
incorporation  in  the  NW  was  found  to  be  strongly  influenced  by  the  Be  cell  temperature  and 
V/III  flux  ratio  for  the  shell.  Preliminary  data  demonstrates  the  potential  to  further  redshift  the 
wavelength  in  heterostructured  NWs  for  the  fabrication  of  NW  based  photodetectors 


3 


CHAPTER  1 
Introduction 

Semiconductor  nanowires  (NWs)  have  received  much  attention  due  to  their  potential  as 
building  blocks  for  miniaturized  optoelectronic  devices  [1].  NWs  are  one  dimensional 
nanostructure  materials  whose  diameter  ranges  from  10’s  of  nm  to  100’s  of  nm  with  an  aspect 
ratio  of  more  than  10.  These  nanostructures  display  superior  optical,  electrical  and  magnetic 
properties  due  to  their  unique  singular  aspect  of  1-D  electronic  density  of  states.  Their  properties 
can  be  controlled  nonlinearly  along  their  small  diameter  giving  an  edge  over  their  bulk 
counterparts  [2].  Simulation  results  performed  by  Zhang  et  al.[3]  have  shown  that  incident  light 
can  be  waveguided  into  the  vertical  wires  due  to  the  refractive  index  difference  between  NWs 
and  their  surroundings.  In  addition,  high  surface  to  volume  ratio  and  vertical  configuration  of 
NW  ensemble  lead  to  high  optical  absorption  and  efficient  photon  trapping[3]. 

NWs  also  enable  different  architectures  including  axial  inserts  [4,  5]  and  the  core-shell 
configuration  [1],  Axial  insert  in  a  NW  refers  to  a  tertiary  heterostructure  (10’s  nm  in  length) 
which  are  embedded  along  the  axis  of  the  NW  that  gives  compatibility  with  2D  and  bulk 
fabrication  procedure.  The  core  shell  configuration  shows  a  tremendous  improvement  in  the  light 
absorption  feature  where  the  core  act  as  absorber  and  with  a  transparent  shell,  the  anti-reflection 
property  gets  enhanced  [6].  These  structures  have  paved  the  way  for  applications  such  as 
transistors[l],  photodetectors  [7]  and  single  photon  sources  [8]  with  reduced  reflection,  efficient 
light  trapping  and  improved  band  tuning  with  strain  relaxation.  These  features  make  NWs  very 
attractive  for  variety  of  applications  which  are  not  possible  in  their  bulk  counterpart.  Other 
advantages  are  bandgap  engineering  [9],  material  design  freedom[10]  and  crystal  phase. 
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Focusing  on  GaAs  material  system,  predominant  phases  in  GaAs  NWs  are  wurtzite  (WZ)  and 
zinc  blende  (ZB)  crystal  phases,  while  in  bulk,  GaAs  exhibits  only  zinc  blende  (ZB)  structure. 
Reports  have  shown  a  variation  in  these  crystal  phases  in  a  NW  system  can  result  in  either  a  type 
I  or  II  band  alignment  of  the  materials  [9]. 

With  the  advancement  of  technology  there  is  a  continual  demand  on  the  optoelectronic 
devices  for  further  improvement.  For  example,  the  requirements  for  the  next  generation  detectors 
are:  long  spectral  range,  short  dead  time,  negligible  dark  count  rate  and  high  detection 
efficiencies[ll].  This  past  decade  has  seen  considerable  advancement  in  development  of  single 
photon  detectors  for  optical  quantum  information  applications  [12].  Superconducting  NWs  single 
photon  detectors  (SNSPDs)  is  one  such  device  that  offers  single  photon  sensitivity  from  visible 
to  mid-IR  wavelength  improving  its  detection  efficiency  up  to  57%  in  small  area  devices  [13]. 
But  the  operation  of  SNSPDs  occurs  atl.5-4K  due  to  which  there  is  a  need  for  single  photon 
detectors  operating  at  higher  temperature.  Further  work  in  semiconductor  NWs  can  potentially 
overcome  this  limitation. 

Current  state  of  the  art  for  optoelectronic  devices  such  as  detectors  and  lasers  are  based 
on  either  III-V  or  II-IV  semiconductor  materials.  Silicon  has  been  the  most  used  material  in  the 
semiconductor  industry  for  integrated  circuits  devices  and  CMOS  devices.  The  small  footprint  of 
NWs  enables  accommodation  of  large  lattice  mismatch  [14]  and  thus  would  facilitate  integration 
of  III-V  material  based  photonic  devices  in  the  form  of  NWs  to  the  electronic  devices  on  Si. 

The  common  growth  mechanism  of  the  NW  is  through  the  vapor  liquid  solid  (VLS) 
mechanism  where  a  catalyst  droplet  is  used  as  a  seed,  which  gets  supersaturated  with  atoms  from 
the  liquid  and  vapor  phases  leading  to  NWs  formation.  In  the  last  decade,  majority  of  the  work 
on  the  nucleation  of  NWs  has  suggested  the  use  of  Au  as  a  catalyst  [15,  16]. Yet  due  to  the 
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formation  of  deep  traps  and  contamination  in  the  NWs,  Au  is  not  recommended.  Early  2010  have 
seen  several  reports  [17-20]  on  the  vapor  liquid  solid  (VLS)  growth  mechanism  of  self-assisted 
GaAs  NWs  through  molecular  beam  epitaxy.  The  role  of  SiCE  in  the  initial  nucleation  of  the  Ga 
droplets  during  the  NW  growths  has  also  been  found  to  be  important[21,  22],  The  nanopores  in 
the  Si02  layer  provide  the  nucleation  sites  and  help  in  immobilizing  the  Ga  droplets  which  act  as 
seed  for  the  subsequent  NW  growth. 

For  achieving  the  desired  emission,  band  tuning  of  the  material  is  needed  as  electrical 
and  optical  properties  are  strongly  dependent  on  the  material  composition.  This  implies  that  these 
properties  can  be  tailored  for  specific  applications  by  adjusting  the  composition.  GaAs  in 
particular  has  a  direct  band  gap  [23]  that  makes  it  an  efficient  photon  absorber.  In  addition,  this 
band  gap  of  1 .4eV  can  be  red  shifted  by  alloying  [9]  it  with  Sb  and  In  for  application  in  the  near 
infrared  region.  In  case  of  NIR  photodetectors,  the  two  important  wavelengths  that  are  of  great 
interest  for  optical  telecommunications  are  1.3  pm  and  1.55  pm.  However,  the  two  alloys 
GalnAs  and  GaAsSb  that  can  be  tuned  for  achieving  the  above  wavelength  are  highly  lattice 
mismatched  on  Si  substrate.  In  order  to  decrease  the  mismatch,  an  Sb  ternary  like  GaAsSb  can  be 
grown  as  an  insert  in  the  GaAs  NWs.  Similar  work  on  axial  heterostructure  such  as 
GaAs/InGaAs/GaAs  [4,  5]  have  also  been  demonstrated. 
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Figure  1.1.  Energy  gap  vs  lattice  constant  of  different  semiconductor  alloys  with  energy  gap  in 
the  NIR  region. 

As  shown  in  Figure  1.1,  there  are  several  ternary  and  quaternary  semiconductor  materials 
that  are  active  in  the  1.3  and  1.55  pm  optical  window.  Two  material  systems  that  are  extensively 
studied  for  applications  in  the  NIR  region  are  InGaAs[24,  25]  and  GaAsSb[26-31].  Extensive 
research  has  been  performed  on  their  structural  [32]  and  optical  properties [9,  33]. 

Comparing  the  two,  GaAsSb  has  several  advantages  over  InGaAs.  Due  to  the  presence  of 
a  single  group  III  element  in  GaAsSb,  its  electronic  structure  is  less  dependent  on  its  alloy 
configuration.  The  electron  lifetime  in  GaAsSb  is  found  to  be  twice  as  large.  Auger 
recombination  in  GaAsSb  is  suppressed  as  compared  to  InGaAs.  In  addition,  the  surfactant 
nature  of  Sb  in  GaAsSb  can  be  used  to  improve  its  structural  properties  where  as  large  difference 
in  the  In  and  Ga  diffusion  generally  leads  to  inhomogeneity  in  the  InGaAs  NWs.  Due  to  the 
above  reasons  GaAsSb  nanowires  have  great  potential  for  optoelectronic  applications  in  the  NIR 
region,  in  particular,  in  the  telecommunication  wavelength  window. 
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For  fabricating  a  good  photodetector,  doping  of  the  NWs  is  as  important  as  having  an 
active  material  like  GaAsSb.  Between  the  p  and  n  type  doping,  p  type  doping  is  more 
challenging  as  the  p-type  impurity  atoms  have  limited  solubility  in  the  host  material  and  due  to 
deep  transition  energy  of  the  defects,  a  sufficient  number  of  carriers  do  not  get  generated  [34, 
35].  There  are  reports  [36-38]  on  the  Be  doping  of  GaAs  NWs,  but  detailed  effect  of  growth 
parameters  on  the  Be  incorporation  is  not  clearly  understood. 

In  the  subsequent  part  of  this  chapter,  the  challenges,  objective  and  the  outline  of  the 
dissertation  are  discussed. 

1.1  Challenges 

In  the  growth  of  GaAs/GaAsSb  NWs  there  are  numerous  challenges  that  need  to  be 
overcome  to  obtain  high-  quality  and  defect  free  NWs.  A  few  important  ones  are  discussed 
below. 

The  first  problem  is  the  surfactant  nature  of  Sb.  Being  a  surfactant  in  nature,  Sb  would 
remain  on  the  Si  substrate  making  the  growth  of  the  NWs  challenging.  As  the  mismatch  of 
GaAsSb  on  Si  is  large  that  may  also  pose  a  minor  problem.  As  much  work  on  GaAs  NW  on  Si 
has  already  been  researched  [16,  30,  39],  it  is  easier  to  grow  initial  GaAs  NW  followed  by 
GaAsSb. 

The  second  problem  is  the  growth  of  the  NWs  with  a  catalyst.  The  role  of  a  catalyst  is 
crucial  in  the  NW  growth  in  the  VLS  mechanism.  Among  the  several  metals  that  have  been  used 
as  the  catalyst,  Au  has  been  the  most  common  [40,  41].  However,  the  deep  trap  formation  along 
with  the  high  diffusivity  of  Au  in  most  of  the  semiconductors  leads  to  contamination  of  the  NW. 
In  addition,  the  trend  toward  the  elimination  of  Au  in  most  of  the  device  processes  in  the 
electronics  industry  makes  it  unattractive.  Hence,  recently,  there  has  been  an  increasing  interest 
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on  the  self-catalyzed  growth  of  NWs  using  the  low  melting  point  of  the  source  element  as  the 
catalyst  such  as  Ga  melt  for  GaAs  NWs  [41].  It  is  noted  that  when  this  research  began  there  were 
not  many  reports  on  the  self-catalyzed  growth.  The  size  of  the  opening  in  the  SiOi  layer  and  size 
of  the  Ga  droplet  are  critical  for  the  growth  of  Ga  catalyzed  growth. 

The  third  challenge  is  obtaining  highly  vertical  and  dense  NWs.  The  NWs  tend  to  orient 
in  the  direction  that  is  more  energetically  favorable.  Si  (1 1 1)  substrate  was  proposed  [42]  to 
produce  NWs  vertical  with  respect  to  the  substrate  in  the  growth  direction.  Commonly  present 
two  dimensional  defects  in  NWs  are  twin  planes  and  stacking  faults.  These  defects  should  be 
minimized.  The  SiOi  layer  plays  an  important  role  in  the  initial  nucleation  of  the  Ga  droplets. 

The  thickness  of  Si02  and  the  nanopore  openings  of  the  appropriate  size  has  been  reported  to  be 
critical  to  achieve  high  NW  density  [17]. 

The  fourth  challenge  is  doping  of  NWs.  For  an  effective  device,  the  study  of  the  doping 
needs  to  be  addressed.  Doping  in  NWs  is  challenging  due  to  the  small  foot  print  and  in 
particular,  p-doping  is  found  to  be  more  challenging  compared  to  n-type  due  to  the  surface  Fermi 
level  pinning  and  limited  solubility  of  p-type  dopant 

Finally,  the  fifth  challenge  is  the  narrow  optimal  growth  condition  for  MBE  grown 
GaAsSb  NWs  due  to  the  presence  of  two  competing  group  V  species.  The  growth  conditions 
have  to  be  very  stringently  controlled  to  achieve  the  emission  wavelength  reaching  1.3pm. 

1.2  Objectives 

The  objectives  of  this  research  are  listed  below: 

•  Effect  of  substrate  preparation  and  growth  parameters  on  the  GaAs  and  GaAsSb  NW  density 
grown  on  Si  (111)  substrate  by  self-catalyzed  MBE  growth. 

•  Effect  of  Sb  concentration  on  GaAs/GaAsSb  NWs  properties  in  the  axial  NW  configuration. 
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•  Study  of  Be  doping  in  self-catalyzed  GaAs  NWs. 

The  above  objectives  were  approached  as  follows: 

Optimization  of  the  growth  parameters  of  GaAs  NWs:  The  effects  of  growth  parameters,  namely 
growth  temperature,  role  of  AS2  and  AS4,  annealing  of  Si  (1 1 1)  substrate  and  V/TTT  ratios  were 
studied  independently  for  higher  density  and  better  quality  of  GaAs  NWs.  These  NWs  were  then 
characterized  structurally  and  optically  for  an  optimized  growth  process.  In  addition,  the  role  of 
naturally  occurring  SKA  on  Si  substrate  was  also  studied.  Both  intrinsic  and  p  -type  Si  substrate 
were  chemically  etched  for  achieving  the  optimum  SiOi  layer.  The  surface  roughness  of  these 
substrates  was  also  studied. 

Study  of  Be  doping  in  self-catalyzed  GaAs  NWs:  For  an  effective  device,  the  doping  aspect  in 
GaAs  NWs  was  also  studied.  Different  configurations  of  the  NWs  were  examined  for  efficient 
incorporation  of  Be.  A  systematic  study  was  also  carried  out  to  determine  the  effect  of  growth 
variants  namely  Be  cell  temperature  and  V/III  ratio.  It  was  examined  in  both  the  core  and  shell 
for  an  effective  incorporation  of  Be  and  optimized  parameters  were  established  for  enhanced  Be 
incorporation.  Growths  were  performed  independently  on  epiready  Si  and  chemically  etched  Si 
substrates  for  analyzing  pre  and  post  optimized  parameters. 

Incorporation  ofGaAsSb  in  GaAs  NWs:  The  objective  was  to  develop  good  quality,  vertical 
GaAs/GaAsSb  of  high  density  NWs  on  Si  (1 1 1)  substrate  for  photo  detection  in  the  NIR  (near 
infrared)  region  approaching  1.3  pm.  In  order  to  achieve  this,  a  systematic  study  of  the 
GaAs/GaAsSb  NW  system  was  performed  which  was  executed  by  growing  self-catalyzed 
growth  of  GaAs/GaAsSb  NWs  on  both  intrinsic  and  p-type  Si  (111)  substrates  through  molecular 
beam  epitaxial  method.  This  was  accomplished  by  two  processes. 
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•  The  first  process  was  the  growth  of  self-catalyzed  GaAs/GaAsSb  NWs  on  non-etched  Si 
(111)  substrates.  This  was  achieved  by  using  Ga  as  a  self-catalyst  and  developing  a  simple 
growth  scheme  by  growing  the  GaAs  NWs  on  Si  (111)  substrates  in  which  GaAsSb  segments 
were  inserted  and  capped  with  GaAs.  This  structure  was  designed  based  on  the  literature 
survey  of  other  systems  of  NWs [4]. 

•  The  second  process  was  to  grow  the  same  structure  as  in  the  first  process  on  an  etched  Si 
substrate  and  later  vary  the  composition  of  Sb  in  the  GaAs/GaAsSb  NWs  for  further  band 
tuning  towards  1.3  pm.  In  order  to  achieve  this,  the  Si  substrates  were  chemically  etched  and 
the  self-  catalyzed  growth  of  GaAs/GaAsSb  NW  was  performed.  For  band  tuning  of  the 
GaAsSb  segment,  Sb  flux  was  varied  to  achieve  at.  %  in  solid  from  0  to  4.5.  The  post  growth 
characterization  of  these  NWs  were  performed  for  its  structural  study  and  confirming  the  Sb 
incorporation. 

The  structure  and  morphology  of  these  NWs  were  examined  through  scanning  electron 
microscope  (SEM),  x-ray  diffraction  (XRD),  scanning  transmission  electron  microscope  (STEM) 
and  conventional  and  high  resolution  TEM.  The  optical  characterizations  were  performed  using 
4  K  photoluminescence  and  Raman  spectroscopy. 

1.3  Dissertation  Outline 

This  dissertation  is  organized  into  nine  chapters  and  brief  content  of  each  chapter  is  listed 

below. 

Chapter  1  discusses  the  motivation  and  challenges  behind  this  work  and  the  objective  of 
this  research.  Brief  historical  evolution  of  photodetector  is  presented.  The  importance  of  the 
III/V  heterostructure  semiconductor  materials  for  band  gap  tuning  is  discussed.  Material  system 


combinations  that  have  been  reported  in  literature  for  device  applications  in  the  optical  window 
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of  1.3  and  1.55  pm  have  been  identified.  The  advantage  of  NWs  over  thin  films  is  discussed  and 
the  advantages  of  GaAsSb  over  its  competitor  InGaAs  are  presented.  Finally  the  statement  of 
problem,  objective  of  the  dissertation  and  the  approaches  taken  are  listed. 

Chapter  2  gives  a  brief  literature  review  on  the  growth  of  GaAs  NWs  on  GaAs  and  Si 
(111)  substrates,  the  role  of  catalyst  and  different  crystal  phases  formed  during  the  growth.  A 
brief  review  on  different  III/V  heterostructured  systems  belonging  to  IR  region  is  presented. 
Advantage  of  GaAsSb  is  highlighted  showing  its  optical  and  structural  properties.  Importance  of 
Be  in  doping  of  NWs  is  also  discussed. 

Chapter  3  provides  experimental  details  on  the  MBE  growth  of  NWs  and  also  the  other 
characterization  techniques  used  in  this  research  work  are  presented. 

Chapter  4  describes  the  p-type  doping  of  GaAs  NWs  using  Be  dopant.  A  comparison  of 
the  doping  efficiency  in  the  two  NW  architectures  core  and  core-shell  has  been  made.  A 
comprehensive  study  of  the  doping  effects  on  the  morphological,  structural  and  optical 
characteristics  has  been  carried  out  using  variety  of  characterization  techniques,  namely 
morphological,  structural  and  optical  characteristic  were  performed  by  x-ray  diffraction  (XRD), 
scanning  electron  microscopy  (SEM),  low  temperature  photoluminescence  (PL),  Raman 
spectroscopy  and  scanning  transmission  electron  microscopy  (STEM).  These  studies  have  been 
used  to  arrive  at  an  optimized  growth  condition  for  enhanced  Be  doping. 

Chapter  5  describes  the  study  of  the  self-catalyzed  Ga  assisted  growth  of  GaAs  NWs  with 
GaAsSb  inserts  on  Si  (111)  substrate.  The  effects  of  the  growth  parameters  namely,  V/III  ratios, 
growth  temperature  and  Ga  opening  during  the  initial  nucleation  on  the  NW  were  studied. 
Different  characterization  techniques  were  performed  for  finding  the  morphological,  structural 
and  optical  study  in  the  NWs  which  were  performed  by  scanning  electron  microscope  (SEM),  x- 
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ray  diffraction  (XRD),  HR-TEM,  low  temperature  photoluminescence  of  NWs  and  Raman 
spectroscopy. 

Chapter  6  discusses  the  growth  optimization  of  the  GaAs  NWs  on  non-etched  Si 
substrates.  Influence  of  V/III  flux  ratio,  initial  Ga  opening  duration  prior  to  the  growth,  fluxes  of 
adatoms,  growth  temperature  on  the  NW  density  have  been  determined  and  the  growth 
conditions  for  the  optimized  NW  density  and  almost  "0  %  bent  wires"  that  can  be  achieved,  are 
demonstrated. 

Chapter  7  describes  the  etching  process  to  achieve  highly  dense  and  vertical  NWs  on 
etched  Si  (1 1 1)  substrate.  The  substrates  were  chemically  etched  followed  by  oxidation  for  the 
desired  Si02  layer.  Atomic  force  microscopy  (AFM)  and  scanning  electron  microscopy  (SEM) 
were  perfonned  for  measuring  the  surface  roughness  of  the  substrates  and  the  morphological 
characteristics  of  the  NWs,  respectively. 

In  Chapter  8,  the  Sb  composition  was  varied  in  the  GaAsSb  segment  along  the  Ga 
assisted  GaAs/GaAsSb  axial  NW  he tero structures.  These  growths  were  performed  on  optimized 
etched  Si  substrate  for  better  results.  The  effects  of  Sb  composition  on  the  structural, 
morphological  and  optical  properties  have  been  the  subject  of  study  in  this  Chapter. 

Chapter  9  summarizes  the  research  results  and  all  the  major  achievements.  It  concludes 


with  the  scope  for  future  work. 
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CHAPTER  2 
Literature  Review 

2.1  Introduction 

In  this  chapter  a  brief  history  of  the  GaAs  NW  growth  through  MBE,  the  role  of  catalyst 
and  the  crystal  phases  formed  in  a  NW  are  described.  Different  IR  heterostructured  NW  systems 
are  discussed  showing  the  advantages  of  using  GaAsSb  for  achieving  the  emission  in  the  NIR 
region.  The  effects  of  Be  doping  in  a  core-shell  GaAs  NW  are  reviewed. 

2.2  Nanowire  Growth 

Many  groups  in  the  last  decade  have  investigated  [16,  40,  43-46]  the  growth  mechanisms 
of  NWs  through  metal  organic  chemical  vapor  deposition  (MOCVD),  molecular  beam  epitaxy 
(MBE),  and  chemical  beam  epitaxy  (CBE)  techniques.  Based  on  the  different  phases  of  the 
material  involved,  the  growth  mechanisms  are  classified  as  vapor-liquid-solid  (VLS)  growth  or 
vapor-solid-solid  (VSS).  Since  most  NW  growths  are  mainly  governed  by  VLS  mechanism,  a 
brief  discussion  of  this  technique  is  presented.  In  VLS  [47],  a  liquid  catalyst  droplet  is  deposited 
on  the  substrate  at  certain  growth  temperature  which  becomes  the  nucleation  center  for  the 
growth  of  the  desired  NW.  During  the  growth,  various  species  of  material  deposit  on  this  droplet 
and  produce  a  concentration  gradient  in  the  liquid.  As  the  concentration  of  these  solute  species 
increases  on  the  liquid  droplet,  the  supersaturation  of  the  droplet  increases  thereby  leading  to  the 
growth  of  NWs.  Depending  on  the  adatoms  incorporation  on  the  NWs,  there  is  either  a  vertical 
growth  or  a  radial  growth.  By  changing  the  reactant  species,  heterostructures  can  be  grown  by 
preferential  incorporation  on  the  catalyst  or  by  deposition  on  the  sidewalls  of  the  NWs  [48].  Thus 
the  thermodynamic  driving  force  for  the  nanowire  formation  is  the  vapor  supersaturation  with 
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respect  to  the  solid  phase,  whereas  the  kinetic  growth  processes  involved  are  surface  diffusion 
and  nucleation[16].The  VLS  process  is  summarized  in  the  Figure  2.1  below. 


Formation  of  catalyst 
droplet  with  the  molecular 
beam 


Adsorption  on  NW  tip  leading 
to  supersaturation 
o 


Si  substrate 


Si  substrate 


Diffusion  of  adatom  from  the 
substrate  surface  through  the 
sidewall  to  the  melt 


on  the  sidewall  formed  NW  is  formed 


Figure  2.1.  Step  wise  explanation  of  vapor  liquid  solid  (VLS)  growth  mechanism. 

2.2.1  The  role  of  liquid  droplet  in  the  NW.  The  desirable  attributes  of  the  liquid-phase 
droplet  to  be  used  in  the  VLS  process  are:  (1)  it  should  exhibit  a  high  accommodation  coefficient 
(i.e.,  high  probability  that  an  impinging  atom  or  molecule  will  be  incorporated  into  the  droplet) 
compared  with  the  nanowire  solid  phase  and  (2)  it  should  reduce  the  activation  energy  of 
nucleation  at  the  liquid  solid  (nanowire)  interface. 

In  the  early  stages  of  the  GaAs  NWs  growth  research,  Au  was  preferred  as  a  catalyst.  Wu 
et  al.[49]  first  demonstrated  the  growth  of  GaAs  NWs  using  Au  as  a  catalyst  through  MBE  on  a 
GaAs  (111)  B  substrate.  The  NWs  were  grown  using  a  nanochannel  alumina  (NCA)  template.  It 
was  later  shown  by  Dubrovskii  et  al.  [16],  that  the  NWs  could  be  grown  by  itself  by  using  Au  as 
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catalyst  without  a  template.  They  explained  the  length  to  diameter  relation  using  the  diffusion 
model.  They  also  discussed  in  length  the  role  of  catalyst  in  the  NW  growth.  Subsequent  report  by 
Plante  et  al.  [50]  demonstrated  the  growth  of  the  GaAs  NWs  with  Au  catalyst  on  GaAs  (111)  B 
with  a  V/III  ratio  of  1.5  and  2.3  with  the  growth  temperature  ranging  between  500°C  and  600°C. 
They  suggested  that  growth  by  surface  diffusion  becomes  negligible  for  a  large  size  catalyst  and 
the  direct  impingement  of  atoms  through  the  catalyst  becomes  dominant. 

In  2007,  Ihn  et  al.  [51]  reported  the  GaAs  NWs  growth  on  Si  substrates  with  the  growth 
along  the  [111]  direction  and  the  occurrence  of  zinc  blende(ZB)-  wurtzite(WZ)  polytypism 
which  was  well  known  for  GaAs  substrates.  Samsonenko  et  al.  [52]  further  analyzed  the 
structural  and  morphological  properties  by  studying  annealing  effect,  the  role  of  oxide  layer  and 
surface  orientation  of  the  GaAs  NWs  on  porous  Si  substrates.  Paek  et  al.[19]  demonstrated  the 
effect  of  both  Ga  and  As  on  the  radial  and  axial  growth  of  the  NWs.  With  the  increase  in  the  Ga 
flux,  there  is  increase  in  the  diameter  of  the  NW.  At  a  constant  Ga  flux  and  corresponding 
increase  in  the  As  results  in  a  higher  axial  growth  rate.  GaAs  NWs  growths  on  Si  substrate  with 
photoluminescence  study  were  also  reported  [51].  A  PL  spectrum  of  1.43  eV  with  FWHM  of  50 
meV  was  demonstrated  suggesting  pure  GaAs/Si  (111)  NW  crystals.  [52,  53].  p-PL  study  on  WZ 
GaAs  NWs  showed  the  existence  of  free  exciton  peak  ~29  meV  higher  than  that  of  ZB  GaAs 
[53].  Temperature  dependent  PL  study  was  carried  out  due  to  ascertain  the  presence  of  non- 
radiative  defects. 

It  is  well  known  that  Au  leads  to  deep  trap  formation  which  reduces  the  carrier  mobility 
in  the  substrate.  A  trace  amount  of  Au  catalyst  incorporation  in  the  GaAs  NWs  was  also  found  to 
create  defects[22,  54].  It  was  also  found  that  all  Au  assisted  NWs  introduce  centers  which  could 
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be  related  to  strong  non -radiative  recombination  centers  in  GaAs[55].  This  excluded  Au  from 
many  device  applications  and  research  was  extended  to  use  of  other  material  as  catalysts. 

Although  Ga  assisted  whiskers  in  the  pm  range  were  grown  through  VLS  techniques  in 
1960s  [47],  it  was  in  the  early  2008,  Morral  et  al.  [17]  demonstrated  the  growth  of  self-assisted 
GaAs  NWs  on  GaAs  substrates.  They  further  showed  that  presence  of  Si02  played  an  important 
role  in  the  Ga  droplet  nucleation  and  the  formation  of  nanocraters.  Jabeen  et  al.  [20]  obtained 
self-assisted  GaAs  NWs  on  Si  substrates.  Later  in  2010,  self-catalyzed  GaAs  NWs  were  grown 
on  Si  (111)  substrates  exhibiting  ZB  structures  without  any  twin  planes[56].  Krogstrup  et  al. 
determined  the  correlation  of  structural  phase  distribution  with  the  different  V/III  ratio  and 
growth  temperature  at  the  interface. 

2.2.2  Crystal  phases  in  GaAs  NWs.  Although  the  formation  of  WZ  or  ZB  structure 
depends  on  the  initial  nuclei  in  the  NW  growth,  GaAs  exist  in  cubic  ZB  crystal  phase  in  bulk  and 
thin  film  form  but  often  adopt  the  WZ  structure  when  it  is  grown  as  NWs. [57].  By  definition,  ZB 
is  stacked  as  ABCABCABC  whereas;  WZ  is  stacked  as  ABABAB,  where  each  of  the  letters 
stands  for  a  bilayer  of  III-V  pairs.  When  one  of  this  bilayer  is  displaced  in  a  WZ  structure,  we  get 
stacking  fault  defect,  whereas  twin  planes  occurs  when  an  additional  layer  is  stacked  in  a 
sequence  for  ZB  structure[58].  Joyce  et  al.  [59]  showed  that  the  V/III  ratio  determine  the 
structure  formation.  A  high  V/III  ratio  gives  a  ZB  and  a  low  V/III  provides  a  WZ  structure.  They 
also  showed  that  the  formation  of  ZB  NWs  is  more  favorable  at  a  lower  growth  temperature  due 
to  low  energy  surface  reconstructions  for  ZB  surfaces.  Using  a  nucleation  model  they  established 
that  the  formation  of  the  twins  is  governed  by  orientation  and  surface  energy  of  external  vapor- 
nucleus  facets.  Krogstrup  et  al.  [56]  also  demonstrated  well-controlled  pure  ZB  GaAs  NWs  and 
the  role  of  growth  temperature  on  the  structural  change. 
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2.2.3  Effect  of  alloying  GaAs  with  Sb  on  NWs.  When  Sb  is  introduced  in  GaAs  NWs,  it 
tends  to  form  ZB  GaAsSb  NWs.  Dheeraj  et  al. [29]  showed  that  Sb  decreases  the  chemical 
potential  difference  of  the  system  and  helps  in  increasing  the  material  critical  supersaturation. 
Since  Sb  is  a  heavier  atom  (z=51)  with  longer  covalent  bonds  than  Ga  and  As,  it  tends  to  remain 
on  the  growth  surface  and  act  as  a  surfactant  [60] .  Sb  has  the  potential  to  reduce  the  migration 
time  at  which  the  adatom  diffuse,  since  the  diffusion  and  migration  of  adatom  play  a  major  role 
in  NW  growth  [10].  GaAs/GaAs  o.89  Sb  o.n/GaAs  structure  was  studied  by  Plissard  et  al.  [30] 
where  they  found  an  abrupt  shift  from  WZ  GaAs  to  ZB  GaAsSb.  It  showed  that  presence  of  Sb 
(11  at.  %)  could  affect  the  crystal  structure  of  the  GaAsSb  segment  thereby  changing  the  band 
alignment  transitions  of  the  NW  system.  As  the  at .  %  of  Sb  was  increased  to  15,  its 
incorporation  in  the  segment  was  found  to  reduce  with  increase  in  the  growth  temperature.  They 
also  found  stacking  faults  on  the  other  end  of  the  segment  towards  WZ  GaAs.  This  could  be  due 
to  small  traces  of  Sb  after  the  switching  sequence  to  GaAs.  All  the  above  reports  suggested  that 
alloying  with  incorporation  of  Sb  leads  to  formation  of  ZB  structure  in  GaAs  NW  system  which 
could  be  due  to  the  effect  of  Sb  on  the  internal  energies  leading  to  lower  supersaturation  which 
favor  ZB  structure  formation. 

2.3  Heterostructured  NW  Systems 

There  are  two  architectures  that  can  be  used  in  the  growth  of  heterostructured  NWs:  a) 
axial  structure  and  b)  core-shell  structure.  In  an  axial  structure,  the  composition  of  the  material 
can  be  varied  in  the  growth  direction.  In  the  core-shell  structure,  the  core  growth  takes  place  in 
the  conventional  way  and  for  the  growth  of  the  shell,  the  growth  parameters  are  varied  for 
favoring  radial  growth.  As  shown  earlier,  Paek  et  al.  [19]  demonstrated  that  at  constant  Ga  flux, 
there  is  an  increase  in  the  axial  growth  rate  with  an  increase  in  the  As  flux. 
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A  brief  review  of  the  heterostructured  NW  system  grown  through  different  methods,  with 
absorption  in  the  NIR  region  of  interest  is  identified.  Figure  2.2  shows  the  plot  of  energy  gap 
versus  lattice  constant  depicting  different  semiconductor  materials. 


Energy  gap  vs.  lattice  constant 
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Figure  2.2.  Energy  band  gap  vs  lattice  constant  [61]. 

2.3.1  GaAs/AlGaAs  NWs.  AlGaAs  can  be  incorporated  in  the  core-shell  geometry  of  the 
NWs  as  p- AlGaAs  or  n- AlGaAs  shell  [62].  Research  has  been  carried  out  for  achieving  uniform 
defect  free  epitaxial  core  shell  NWs  structures  [63].  In  this  type  of  structure,  the  AlGaAs  shell 
provides  confinement  around  the  GaAs  core  region  and  the  non-radiative  recombination  at  the 
GaAs-air  interface  is  minimized.  Photoluminescence  analysis  shows  that  for  a  low  excitation 
power  density,  there  is  a  broad  emission  band  from  -1.46  to  1.51  eV  at  10K  [64].  Based  on  the 
amount  of  Al,  the  energy  band  can  be  shifted.  However,  the  energy  band  gap  ranges  from  1 .45 
eV  to  2.0  eV  which  doesn’t  cover  the  desired  telecommunication  optical  window  of  1.3  or  1.55 


pm. 
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2.3.2  InAs/InAsSb  NWs.  The  InAsSb  alloy,  with  one  of  the  highest  electron  mobilities 
and  saturation  velocities  is  a  promising  material  in  optoelectronic  and  sensor  applications.  The 
bandgap  of  this  material  vary  very  slowly  with  its  composition  allowing  a  broad  spectral 
response.  In  comparison  to  mercury  cadmium  telluride  (MCT),  InAsSb  is  more  stable,  high 
mobility  with  good  acceptor  and  donor  impurities.  With  its  large  band  gap  tunability  from  (2-8 
pm)  and  the  above  properties,  it  is  considered  as  an  alternative  for  the  commercially  available 
MCT  detectors.  Work  has  been  performed  on  Au  assisted  [65,  66]  as  well  as  self-seeded  InAsSb 
NWs  [67].  It  was  found  that  the  axial  and  radial  growth  rate  of  these  structures  show  opposite 
trend  with  increasing  group  V/III  flow  rate  ratio  [19,  68].  The  Sb  composition  determines  the 
growth  rate  of  the  NWs.  In  devices,  made  from  structures  like  InAs/InAsSb,  the  strain  is  relaxed 
by  the  radial  growth  of  InAsSb  segment  after  the  InAs  stem  [69].  A  cutoff  wavelength  of  5.7  pm 
has  been  reported  which  is  claimed  to  be  the  longest  cutoff  wavelength  for  any  nanowire  device 
so  far[69].  Hence  these  heterostructured  NWs  are  suited  in  the  MWIR  device  applications. 

2.3.3  InGaAs  NWs.  InGaAs  NWs  have  been  fabricated  by  many  growth  techniques  [4, 
70].  GaAs/InGaAs/GaAs  axial  heterostructured  NWs  have  been  studied.  With  the  increase  in  the 
In  incorporation,  there  was  a  linear  increase  in  the  NW  length  during  the  growth.  Optical  study 
of  this  nanostructure  through  temperature  dependent  photoluminescence  shows  emission  in  the 
range  of  0.93pm  to  1.02  pm[4].  For  further  shift  in  the  emission  wavelength,  increased  amount 
of  In  is  needed  in  the  III-V  composition  which  adversely  affects  the  NW  density[71].  It  was  also 
observed  that  due  to  a  large  difference  in  the  diffusion  length  of  In  and  Ga  the  shape  and  height 
of  the  NWs  are  also  deleteriously  impacted.  Nevertheless,  for  device  fabrication,  precise  control 
on  the  growth  is  essential.  Taking  the  expensive  nature  of  Indium  and  its  effect  on  shape  and 
structure  of  NWs,  an  alternative  system  is  more  desirable. 
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2.3.4  GaAs/GaAsSb  NWs.  GaAsSb  NWs  have  been  grown  as  inserts  in  GaAs  NWs  by 
molecular  beam  epitaxy  (MBE);  both  with  Au  assisted  [15]and  self-catalyzed  method[30].  As  in 
the  case  of  InAsSb  NWs,  an  immediate  transition  from  the  WZ  GaAs  to  crystalline  ZB  GaAsSb 
is  generally  observed.  At  the  transition  from  GaAsSb  to  GaAs,  the  occurrence  of  defects  like 
twinning  planes  and  4H  polytype  GaAs  has  been  found[15].  For  self-catalyzed  GaAsSb  NWs  as 
studied  by  Plissard  et  al.[30],  even  a  very  low  Sb  (approximately.  11  at.  %)  results  in  abrupt 
changes  in  the  structures  of  WZ  GaAs  to  defect-free  ZB  GaAsSb. 

An  optical  study  was  also  performed  on  GaAs/GaAsSb  NWs.  Photoluminescence  spectra 
exhibit  peaks  from  1.273  to  1.249  eV  for  13.7  at.  %  Sb.  Along  the  length  of  the  NW  with  a 
GaAsSb  insert,  type  I  and  type  II  transitions  are  observed.  Type  I  transition  are  found  to  be 
dominant  in  the  central  Sb  rich  region  of  the  ZB  GaAsSb  insert  (insert  refers  to  one  which  is 
embedded  along  the  axis  of  the  NW)  whereas  type  II  transition  is  observed  near  the  interface 
where  there  is  variation  in  the  Sb  concentration  [9] .  Maximum  Sb  incorporation  is  found  in  the 
bare  core  NW  having  a  longer  GaAsSb  insert.  There  is  an  increase  in  the  axial  growth  rate  of  the 
GaAsSb  inserts  with  the  increase  in  the  Sb  incorporation  along  the  length  of  the  NWs [39].  As 
per  Heiss  et  al.[72],  WZ  GaAs/ZB  GaAs  heterojunction  have  type  II  band  alignment  in  a  NW 
structure  where  the  electrons  are  confined  to  the  ZB  GaAs  and  the  holes  to  the  WZ  GaAs.  In  case 
of  ZB  GaAs/ZB  GaAsSb,  for  Sb  composition  <  40%  as  shown  theoretically,  a  type  II  alignment 
results  due  to  the  electron  confinement  in  ZB  GaAs  and  the  holes  to  the  ZB  GaAsSb[9,  73]. 

The  GaAsSb  NW  by  itself  [15]  grown  on  a  GaAs  (lll)B  substrate,  exhibits  rotational 
twins  around  its  (111 )B  growth  axis,  with  an  equal  amount  of  twinned  and  untwinned 
orientations.  More  recently,  Plissard  et  al.  [30]  demonstrated  the  growth  of  a  GaAs/GaAsSb  core 
with  AlGaAs  shell  using  the  Ga  self-catalyzed  technique.  The  Sb  composition  used  in  the 
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GaAsSb  core  was  30  at.  %.  Unlike  other  TTT-V  alloys  such  as  AlGaAs,  GaAsSb  requires  more 
accurate  control  in  the  composition  due  to  the  presence  of  the  two  competing  group  V  species 
with  differing  sticking  coefficients.  For  instance,  Ga  growth  rate  was  reported  [41]  to  affect  the 
Sb  incorporation  in  the  NW  due  to  both  the  differences  in  the  sticking  coefficients  and  the 
bonding,  although  its  effect  on  the  PL  results  was  not  reported.  Thus,  the  composition  of  GaAsSb 
alloy  not  only  seems  to  depend  on  the  flux  ratios  but  also  on  the  individual  fluxes. 

In  the  core  structure,  there  is  a  competition  between  As  and  Sb  in  the  incorporation  into 
the  GaAsSb  insert  [50,  74].  The  Sb  concentration  is  found  to  be  high  in  the  center  of  the  wire  as 
compared  to  the  edges  in  a  core  configuration.  Such  variation  in  Sb  concentration  was  not 
observed  for  the  core-shell  structure. 

A  detailed  quantitative  analysis  of  Sb  distribution  in  GaAsSb  NWs  was  performed  by 
Kauko  et  al.[75].  All  the  GaAsSb  segments  under  this  study  ranged  from  109-  156  nm  in  length. 
Both  high  annular  angle  dark  field  scanning  transmission  electron  microscope  (HAADF  STEM) 
and  electron  dispersive  x-ray  spectroscopy  (EDX)  point  analysis  showed  a  suggested  change  in 
the  concentration  gradient  [75]  in  the  Sb  which  was  due  to  the  out  diffusion  of  Sb  during  the  NW 
growth.  EDX  point  scans  showed  a  strong  Sb  concentration  in  the  first  two-thirds  of  the  NW  and 
it  flattened  out  towards  the  top  of  the  NW.  This  also  explained  the  cross  sectional  Sb 
concentration  profile  using  a  model  for  diffusion  of  Sb  in  the  hexagonal  NWs  employed  in 
combination  with  quantitative  analysis  of  HAADF  STEM.  The  Sb  concentration  peaks  and 
remains  high  at  the  center  of  the  NW  with  a  reduction  at  and  near  the  surface.  For  small  variation 
along  the  radial  Sb  concentration,  quantitative  analysis  of  HAADF  STEM  in  combination  with  a 
model  for  diffusion  of  Sb  is  considered  to  be  superior  to  EDX. 
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2.3.4. 1  Photoluminescence  study  of  the  GaAs/GaAsSb.  Figure  2.3  shows  the  power 
dependent  PL  spectra  for  a  WZ  GaAs/AlGaAs  core-shell  NW  with  a  ZB  GaAsSb  core  insert. 
Todorovic  et  al.[76],  found  three  different  set  of  PL  emission,  from  band  A  (1.35-1.45  eV),  band 
B  (1.50-1.55  eV)  and  band  C  (1.58-1.65  eV).  A  power  dependent  PL  spectrum  showed  that  the 
peak  at  1.39  eV  did  not  exhibit  any  blue  shift  in  the  peak  with  the  increase  of  excitation  of 
power.  This  is  considered  as  a  signature  of  type  I  band  alignment  and  was  assigned  to  transition 
of  the  carriers  within  the  GaAsSb  due  to  confinement  of  both  the  electron  and  holes  in  the 
GaAsSb  insert.  Dark  field  TEM  on  these  NWs  shows  the  presence  of  WZ  NW  with  a  ZB  insert 
and  stacking  fault  (SF)  between  the  ZB  and  WZ  transition.  The  presence  of  the  type  I  emission 
was  considered  to  be  indicative  of  stacking  faults  (SFs)  quite  far  from  the  ZB  inserts,  thereby 
having  no  effect  on  the  carrier  recombination  taking  place  in  the  insert.  An  unidentified  peak  at 
1.42eV  was  also  observed  at  higher  excitation  intensities.  For  the  PF  emission  occurring  at  about 
1.52  eV  in  band  B,  which  has  been  attributed  to  type  II  band  alignment  originating  from  the 
transition  between  the  energy  states  of  SFs  and  the  WZ  GaAs  core  part  of  the  NWs. 
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Figure  2.3.  Low  temperature  power  dependent  PL  spectra  (P=  2.55W/cm“)  of  a  NW 
together  with  30  kV  BF  STEM  image  (inset). The  scale  bar  in  the  inset  is  500  nm.  (Reprinted 
with  permission  from  [91],  Copyright  2011  IOP  Publishing). 

2.4.  P-type  Doping  in  NWs 

Controlled  doping  plays  a  major  role  in  making  nanowires  a  technology  reality.  In  order 
to  effectively  incorporate  dopants  in  the  nano  wires,  it  is  important  to  understand  its  role  in  the 
growth  mechanism.  Generally  for  nanowires  growing  from  the  catalysts  droplet,  growths  take 
place  via  the  vapor  liquid  solid  (VLS)  technique.  The  path  of  incorporation  of  the  dopants  in  this 
technique  would  generally  be  from  the  liquid  droplet  and  also  from  the  sidewall  that  results  in 
the  radial  growth  of  NWs.  Dopants  with  a  high  diffusion  coefficient  are  sought  for  improved 
incorporation.  The  typical  dopants  for  the  III-V  materials  are  the  Be  and  Te  [77,  78]  with  high 
diffusion  coefficients.  Casadei  et  al.  [36]  correlated  the  electrical  conductivity  with  the  dopant 
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incorporation.  They  have  explained  it  in  core-shell  structures  (Figure  2.4);  where  the 
incorporation  can  take  place  through  3  different  paths: 

(i)  Axial  incorporation  through  VLS  mechanism. 

(ii)  Radial  incorporation  through  the  VS  mechanism. 

(iii)  Diffusion  of  the  dopant  through  the  shell  to  the  core  in  the  volume  of  the  NW. 


Typical  VLS  (vapor-liquid-solid) 


Si  substrate 


A  core/shell  nanowire 

through  VS(vapor-solid)  mechanism 


Si  substrate 


Diffusion 


- 


Si  Substrate 


Figure  2.4.  Processes  that  influence  the  doping  and  diffusion  of  Be  dopants  in  NWs. (Adapted 
after  [36],  Copyright  2013  American  Institute  of  Physics). 

Based  on  the  diffusion  process  during  the  growth,  the  diffusion  profile  has  been 
determined  in  the  case  of  Be  [79,  80].  It  was  found  that  during  the  axial  growth,  there  would  be  a 
steady  concentration  of  the  Be  adatoms  on  the  NW  sidewalls.  Diffusion  of  the  Be  adatoms  from 
the  surface  to  the  NW  core  was  driven  by  the  gradient  of  the  Be  concentration. 

Yu  et  al.  [80]  had  explained  the  Be  diffusion  in  GaAs  using  the  kick-out  mechanism  in 
thin  films  ,  where  it  is  assumed  that  a  doubly  positively  charged  group  III  element  self¬ 
interstitials  governs  the  Ga  self-  diffusion.  A  much  lower  diffusivity  of  Be  was  observed  under 
out  diffusion  conditions  than  under  in-diffusion  condition.  In  1977,  Ilegems  [79]  from  Bell 
laboratories  found  that  Be  doping  up  to  5x10  cm'  in  GaAs  using  molecular  beam  epitaxy. 
Mobilities  of  these  Be  doped  GaAs  layers  were  found  comparable  to  those  of  liquid  phase 
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epitaxy  (LPE)  material.  Room  temperature  photoluminescence  efficiencies  under  As  stabilized 
conditions  were  comparatively  lower  than  those  from  LPE  grown  material.  The  lower  efficiency 
might  be  due  to  the  contamination  of  the  specific  dopant  material  which  was  not  observed  in 
similar  doping  condition  for  Sn  doped  GaAs.  Be  doping  incorporation  in  the  GaAs  NWs  has  also 
been  investigated  [36]  by  the  electrical  measurements  of  nanowires  for  different  doping  profiles. 
Improved  Be  incorporation  through  the  side  facets  were  achieved  for  core-shell  configurations  of 
the  NWs  which  can  be  tuned  between  6x10  and  5x10  cm'  . 

Dheeraj  et  al.[37]  reported  on  the  comparison  between  Au  assisted  and  Ga  assisted  Be 
doped  GaAs  NWs  grown  by  molecular  beam  epitaxy.  They  performed  a  systematic  analysis  on 
the  growth,  structural  and  electrical  characterization  of  the  doped  NWs.  The  growth  rate  was 
reduced  for  the  case  of  Au  assisted  GaAs  NWs  than  as  compared  to  that  for  Ga  assisted  NWs 
with  the  same  Be  flux.  The  selected  area  electron  diffraction  (SAED)  patterns  of  these  NWs 
showed  that  the  Au  assisted  NWs  consisted  of  mainly  WZ  structure  with  few  stacking  faults 
whose  density  differed  from  one  NW  to  other  whereas  the  Ga  assisted  NW  predominantly  had 
ZB  with  few  twin  defects.  Electrical  characterization  showed  a  symmetric  TV  characteristic  with 
higher  current  for  the  Ga  assisted  one.  2-probe  measurements  were  performed  and  the  NW 
resistivity  varied  between  1.7x10’  and  5.9x10  '  Q  .cm. 

Be  doping  also  affects  the  NW  growth  dynamics.  It  is  speculated  that  Be  at  high  dopant 
concentrations  may  increase  the  steady-state  chemical  potential  of  catalyst  droplet  [81],  leading 
to  the  corresponding  decrease  of  liquid  and  adatom  supersaturation  during  growth.  This  causes  a 
transition  from  the  typical  inverse  growth  rate  dependence  of  length  (L)  over  diameter  (D)  where 
for  small  nanowire  diameters  the  axial  growth  rate  is  suppressed.  Taking  this  L  versus  D 
dependence,  different  models  have  been  proposed.  The  diameter  dependence  L  versus  D 
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relationship  for  low  Be  concentration  fits  well  by  L  a  1/D  .  This  equation  is  more  relevant  in 
case  of  diffusion  related  growths  and  is  derived  between  the  relation  between  adatom  diffusion 
length  and  the  adatom  surface  area[82].  This  effect  in  the  doping  behavior  excludes  the  change  in 
the  adatom  diffusion  length  as  a  cause  of  L  (D)  behavior.  Previous  studies  based  on  different 
dopants  like  Be  and  Si[38]  have  shown  a  reduction  in  the  length  of  NW  and  an  increase  in  the 
tapering  with  the  doping.  These  results  suggests  that  the  dopant  present  on  the  NW  surfaces  will 
influence  the  growth  as  it  may  affect  the  diffusion  length  through  the  surfactant  effect  or  surface 
passivation  resulting  in  a  more  radial  growth  rather  than  axial  one  and  also  effecting  the 
morphology  of  the  NW.  Furthermore  such  suppression  of  adatom  diffusion  length  would  result 
in  the  production  of  core- shell  structure  in  the  nano  wires. 

2.5  Summary 

A  literature  review  is  presented  on  different  As-Sb  materials  system  leading  to 
GaAs/GaAsSb  NWs  as  prospective  NWs  for  application  in  the  NIR  region  for  photodetection. 
Depending  on  Sb  composition  in  GaAsSb,  the  ZB  type  of  structure  is  more  favorable  which  can 
be  advantageously  used  for  different  optoelectronic  applications.  A  brief  literature  report  on  the 
p-type  doping  of  the  NWs  with  Be  dopant  has  also  been  presented.  For  higher  Be  incorporation, 
its  surface  diffusion  in  the  NW  during  growth  becomes  important. 
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CHAPTER  3 

Experimental  Methodology 

3.1  Introduction 

Precise  control  over  the  NW  chemical  composition,  structure,  size,  morphology,  position 
and  growth  direction  is  required  for  device  integration,  as  these  parameters  dictate  the  physical 
properties  of  the  NWs  [16]  and  the  feasibility  and  the  final  performance  of  the  device.  Self- 
catalyzed  NW  growths  were  performed  by  molecular  beam  epitaxy.  After  the  growth,  the  NWs 
were  ex-situ  characterized  by  scanning  electron  microscope  (SEM),  X-ray  diffraction  (XRD), 
photoluminescence  (PL),  Raman  analysis,  transmission  electron  microscope  (TEM)  and 
ellipsometer.  Some  of  the  characterization  techniques  were  performed  at  different  facilities,  for 
example,  some  of  the  Raman  measurements  were  carried  out  at  the  Shared  Materials 
Instrumentation  Facility  at  Duke  University  after  a  certified  training,  energy  dispersive  x-ray 
spectroscopy  and  Conventional  and  scanning  transmission  electron  microscopy  were  performed 
at  North  Carolina  State  University  (NCSU)  and  X-ray  diffraction  at  Wake  Forest  University. 

In  this  Chapter,  a  brief  description  of  the  MBE  system  and  its  various  components  are 
discussed.  A  detailed  growth  procedure  has  been  provided  with  a  brief  description  of  the  above 
mentioned  characterization  techniques  that  have  been  used  in  this  dissertation  for  ascertaining 
the  NW  properties. 

3.2  Molecular  Beam  Epitaxy  (MBE) 

MBE  is  considered  to  be  one  of  the  important  deposition  techniques  for  growth  of  highly 
crystalline  non-  equilibrium  semiconductor  materials.  It  is  a  research  and  production  tool  as  well 
for  epitaxial  film  growth,  which  allows  in-situ  surface  analysis  tools  to  obtain  a  real  time  analysis 
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of  the  surface  and  its  environment.  The  basic  principle  behind  MBE  is  atoms  or  clusters  of  atoms 
which  are  formed  by  heating  an  element  source  are  allowed  to  travel  in  an  ultra-high  vacuum 
(UHV)  condition  such  that  they  deposit  on  a  heated  substrate  for  producing  thin  films.  The  MBE 
growth  takes  places  in  an  UHV  environment  in  order  to  avoid  contamination  of  the  material 
which  affects  the  electrical,  structural  and  film  morphological  properties.  The  purity  level  is  one 
of  the  important  factors  in  MBE  system.  For  the  growth  of  a  sufficiently  epilayer  of  high  purity, 
a  background  vacuum  pressure  of  10  1 1  Torr  is  required.  Though  it  has  low  growth  rates,  it 
provides  precise  control  on  each  monolayer  growth  on  substrates  samples.  . 


Figure  3.1.  EPI  930  molecular  beam  epitaxy  system. 
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For  this  study  a  Veeco  EPI  930  solid  source  MBE  was  used  in  the  growth  of  the 
nanowires  (Figure  3.1).  The  EPI  930  MBE  had  5  Knudsen  effusion  cells,  one  Sumo  cell,  two 
valved  crackers  and  a  UNI-Bulb  plasma  nitrogen  source.  The  MBE  system  predominantly  had 
sources  from  group  III  and  V  periodic  table  and  a  schematic  of  its  arrangement  in  the  system  is 
highlighted  in  Figure  3.2  below.  The  group  III  elements  include  Ga,  In  and  A1  and  group  V 
comprised  of  N,  As  and  Sb.  For  dopants  the  elements  used  were  Be  and  Si.  The  group  III 
elemental  source  Ga  source  was  placed  in  a  7N  purity  SUMO  cell,  incorporating  a  specially 
designed  200gm  crucible.  The  dual  filament  Ga  SUMO  cell  was  used  in  a  hot  lip  configuration 
where  the  majority  of  the  power  goes  to  the  tip  filament.  This  results  in  the  tip  operating  at 
higher  temperature  than  the  primary  filament.  In  this  type  of  arrangement,  the  oval  defects  are 
reduced  by  the  hot  lipped  operation  which  reduces  the  Ga  droplet  formation  in  the  crucible. 
These  defects  are  generally  caused  due  to  the  evaporation  and  re-evaporation  of  the  Ga  cluster 
near  the  lip  of  the  crucible.  The  other  advantages  of  the  SUMO  cell  are  the  ability  to  sustain 
large  capacity  of  Ga  which  increases  the  replenishment  time  and  avoids  a  prolonged  long  term 
depletion  effect,  a  shutter  flux  transient.  It  also  reduces  the  defect  densities  when  the  SUMO  cell 
is  operated  with  100%  power  to  the  tip  filament. 

The  group  V  elements  consist  of  Sb  and  As  along  with  the  cracking  filament  as  shown  in 
Figure  3.3.  The  flux  from  these  sources  can  be  controlled  by  heating  the  bulk  source  or  the 
cracker.  Each  of  the  valved  crackers  are  associated  with  automated  needle  valve  positioner  that 


provide  precise  control  of  the  flux. 
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Figure  3.2.  Schematic  diagram  of  the  different  sources  in  the  Veeco  EPI  930  MBE  system. 


Figure  3.3.  Cutaway  view  of  valved  oven  for  high-vapor-pressure  elements  (e.g.,  As4,  P4,  etc.): 
(1)  internal  hot  zone  for  molecular  cracking  of  tetramers  to  dimers,  (2)  mounting  flange,  (3) 


31 


valve  seat  for  isolating  charge,  (4)  externally  heated  large  volume  PBN  insert  crucible  and  (5) 
controlled  leak  valve  stem. (Reprinted  with  permission  from  [83].  Copyright  2002  Elsevier). 

Epiready  Si  wafers  were  purchased  from  Virginia  semiconductor,  Inc.  These  were  <11 1> 
+  0.9°  in  orientation,  100  mm  +  0.3  mm  in  diameter,  resistivity  <0.005f2.cm,  a  thickness  of 
500pm±25  pm  and  boron  as  the  dopant.  These  wafers  were  cut  in  to  lxl  cm  square  pieces  that 
were  loaded  into  a  Veeco  uni-block  sample.  For  some  of  the  growths,  the  wafer  samples 
prepared  were  of  lxl  inch  which  was  later  cut  to  smaller  pieces  that  could  be  used  for  other 
characterization  techniques. 

Despite  many  studies  on  GaAs  NWs[16,  82],  the  nucleation  and  growth  mechanisms 
have  not  been  fully  clarified  yet.  Therefore,  a  deeper  understanding  of  the  mechanisms  and 
processes  involved  in  NW  growth  is  essential. 

3.2.1  Refraction  high  energy  electron  diffraction  (RHEED).  RHEED  is  an  in-situ 
technique  which  provides  possibility  of  monitoring  the  evolution  of  morphology  and  crystal 
structure  during  the  growth.  It  consists  of  an  electron  gun  to  produce  a  high  electron  beam,  in  our 
case  it  was  12kV  which  is  directed  to  the  sample  surface  at  a  grazing  incidence  of  1-3°  for  a  low 
penetration  depth  and  to  get  the  sensitivity  for  few  outermost  atomic  layers.  This  diffracted  beam 
is  then  allowed  to  fall  on  a  fluorescent  screen  on  which  different  patterns  are  formed  based  on 
the  sample  surface.  So,  based  on  the  RHEED  pattern,  the  crystal  lattice  or  the  roughness  can  be 
obtained  during  a  2D  or  3D  surface  growth.  A  much  detailed  study  of  RHEED  can  be  found 
elsewhere  [84-86].  In  our  study  of  the  samples  during  the  growths,  we  used  RHEED  for  inferring 
the  3D/island  growths  by  observing  the  spotty  pattern  as  illustrated  in  Figure  3.5  below.  The 
system  used  was  a  kSA  400  analytical  RHEED  system  manufactured  by  k-Space  Associates,  Inc. 
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This  system  included  a  12-bit  firewire  camera,  PCI-based  digital  frame  grabber  and  the  latest 
acquisition  software  (v5.13). 


Figure  3.4.  Surface  morphologies  deduced  from  the  RHEED  patterns.  (Adapted  from  [87]). 

3.3  Growth  Process  of  GaAs/GaAsSb  NWs  on  Si  (111)  Substrates 

1.  Initially  the  wafers  used  were  epiready  which  were  not  chemically  etched  before  loading  into 
the  MBE  system.  This  was  later  changed  and  the  wafers  were  chemically  etched  before 
loading  into  the  MBE  system.  The  growth  steps  after  loading  the  wafers  are  listed  below  for 
a  core  NW  configuration.  The  wafers  are  heated  such  that  the  growth  temperature  of  600°C 
or  620°C  was  achieved. 

2.  After  annealing  for  5  minutes,  the  Ga  shutter  is  opened  for  few  seconds  (15  sec)  for  the  Ga 
droplet  formation.  Then  the  As  flux  is  initiated  for  the  growth  of  a  GaAs  stem  of  the  NW  for 
few  minutes  based  on  the  V/III  ratio.  In  the  case  of  doping  NWs,  the  dopant  is  allowed  along 
with  the  As. 

3.  Once  the  GaAs  stem  is  formed,  the  Sb  flux  is  begun  at  the  same  growth  temperature  to  form 
a  GaAsSb  segment  in  the  GaAs  NW. 
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4.  Once  the  desired  length  of  the  GaAsSb  segment  is  formed,  only  the  Sb  flux  is  terminated 
thus  forming  a  GaAs  cap  for  the  NWs. 

5.  In  order  to  remove  the  Ga  droplet,  the  substrate  is  cooled  under  As  overpressure  until  the 
substrate  temperature  reaches  500°C. 

For  the  growth  of  a  shell,  after  the  step  4  above,  the  growth  temperature  is  reduced  to 
465  °C  after  which  both  Ga  and  As  shutters  are  opened  for  the  desired  duration  to  allow  growing 
a  GaAs  shell. 

After  the  successful  growth  of  the  NWs,  the  morphological  features  of  the  NWs  were 
examined  using  a  scanning  electron  microscope  (SEM).  The  structural  and  optical  studies  were 
investigated  using  x-ray  diffraction  (XRD),  HR-TEM,  4K  photoluminescence  and  Raman 
spectroscopy.  The  physical  principles  of  these  techniques  are  described  briefly  below. 

3.4  Characterization  Techniques 

Following  is  a  brief  description  of  the  different  tools  used  for  characterizing  the  NWs. 

3.4.1  Scanning  electron  microscope.  In  a  typical  SEM,  an  electron  beam  is  thermo- 
ionically  emitted  from  an  electron  gun  fitted  with  a  tungsten  filament  cathode  gun.  The  type  of 
signals  produced  are  secondary  electron  (SE),  back  scattered  electron  (BSE),  characteristic  X- 
rays,  specimen  current  and  transmitted  electron.  The  signals  result  from  the  interaction  of  the 
electron  beam  with  the  atoms  at  or  near  the  surface  of  the  sample.  The  common  detection  mode 
is  the  secondary  electron  imaging  mode,  which  can  result  in  images  having  resolution  <2.5  nm 
[88], 

All  the  samples  were  scanned  using  a  Carl  Zeiss  Auriga-BU  FIB  FESEM  Microscope  as 
shown  in  Figure  3.5  with  the  electron  beam  at  lOkV.  The  samples  were  generally  cut  to  a  size  of 
lxl  cm“for  the  SEM  imaging.  Both  top  view  and  side  view  imaging  was  done.  The  sample  stage 
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was  also  tilted  to  45°  to  get  a  45°  side  view  of  the  NWs.  For  conventional  SEM,  the  samples 
should  be  electrically  conductive  at  the  surface  and  electrically  grounded  to  avoid  charge 
accumulation.  Non-conducting  samples  are  coated  with  electrically  conductive  material  like 
gold,  platinum  etc.  But  due  to  the  semiconductor  nature  of  our  samples,  they  are  scanned  without 
coating. 


Figure  3.5.  Carl  Zeiss  Auriga-BU  FIB  FESEM  Microscope. 

3.4.2  Photoluminescence  (PL).  This  type  of  spectroscopy  is  a  non-contact,  nondestructive 
method  of  probing  the  electronic  structure  of  the  materials.  In  a  heterojunction  material,  the 
smooth  and  atomically  abrupt  interfaces  are  necessary  for  good  optical  and  electronic  reflections. 
In  this  process,  when  the  light  of  sufficient  energy  is  incident  on  the  material,  the  photons  are 
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absorbed  and  are  excited  to  higher  electronic  states.  When  these  electrons  relax,  the  radiative 
relaxation  process  results  in  photoluminescence.  The  PL  spectrum  provides  the  transition 
energies  which  contains  wealth  of  information  on  the  electronic  states  of  the  material.  The 
variation  of  the  PL  intensities  can  be  used  to  determine  the  nature  of  the  type  of  the  transitions. 
Below  are  some  brief  points  about  the  various  application  of  this  process. 

•  Band  gap  determination:  Based  on  the  spectral  response  of  the  PL,  the  electronic  band 
gap  of  a  semiconductor  material  can  be  analyzed.  This  also  provides  a  means  to  quantify 
the  elemental  composition. 

•  Impurity  level  and  defect  detection:  Low  temperature  PL  spectra  are  a  unique  way  of 
determining  the  spectral  peaks  associated  with  impurities  contained  in  the  semiconductor 
material.  Its  high  sensitivity  to  the  peaks  maximizes  the  possibility  of  identification  of  the 
intentional  or  unintentional  impurities  that  can  strongly  influence  the  device  performance 
and  the  material  quality. 

•  Recombination  mechanisms:  The  intensity  of  the  PL  emission  is  determined  from  the 
amount  of  radiative  and  non-radiative  recombination  rates.  Radiative  recombination 
contributes  in  the  intensity  where  as  in  non-radiative  recombination;  it  reduces  the 
number  of  photon  generation,  thereby  reducing  the  overall  intensity.  Again  based  on  the 
non-radiative  recombination  rates,  the  impurities  can  be  determined  in  the  material.  So,  it 
can  act  as  a  good  monitoring  technique  in  the  production  of  high  quality  material. 

In  our  lab,  we  used  a  He  Ne  laser  lasing  at  632  nm  as  an  excitation  source  with  a  0.32  m 
double  grating  monochromator  for  wavelength  dispersion  along  with  an  APD  cryogenic  system 
for  the  PL  measurement  with  varying  temperature  of  4°K-300°K.  With  a  Si  detector,  the 
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detection  range  extending  from  ~  400  nm  to  1200  nm  could  be  obtained.  Figure  3.6  shows  the 
experimental  setup  of  the  facility  used. 


Figure  3.6.  Photoluminescence  setup. 

3.4.3  Raman  spectroscopy.  Raman  spectroscopy  is  a  spectroscopic  technique  used  to 
observe  the  vibrational,  rotational  and  other  lattice  vibration  frequency  modes.  It  is  a  versatile 
and  relative  standard  tool  for  the  characterization  of  materials  giving  detailed  information  on 
crystal  structure,  phonon  dispersion,  electronic  states,  composition,  strain  in  bulk  materials,  thin 
film  and  nanostructures  [89,  90].  When  light  is  incident  on  a  molecule,  it  can  either  be  absorbed 
or  scattered.  This  incident  light  can  induce  many  processes.  It  can  interact  with  the  molecule 
such  that  there  is  polarization  of  the  electron  cloud  around  the  nuclei  of  the  molecule.  If  only  the 
electron  polarization  is  involved  in  the  scattering,  then  it  is  elastic  scattering.  Apart  from  the 
polarization,  if  the  scattering  involves  nuclear  motion,  then  either  the  molecule  receives  energy 
from  the  incident  photon  or  provides  energy  to  the  scattered  photon.  This  inelastic  scattering 
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process  where  there  is  a  difference  of  one  vibrational  unit  of  energy  between  incident  photon  and 
scattered  photon,  known  as  the  Raman  Effect,  is  the  energy  of  a  vibration  of  the  scattering 
molecule.  Raman  scattering  involves  two  energy  packets  where  either  the  photon  loses  energy, 
known  as  Stokes  shift,  or  where  the  photon  gains  energy,  known  as  anti-Stokes  shift.  A 
monochromatic  light  source  with  high  power  density  is  necessary  in  Raman  spectroscopy  to 
excite  a  sufficient  number  of  Raman  events  in  a  sample.  The  mass  of  the  atom  and  strength  of 
the  bonds  between  them  influences  the  lattice  vibration  frequency.  Raman  shift  is  small  for 
heavy  atoms  and  weak  bonds  where  as  it  is  large  for  lighter  atom  and  strong  bonds.  This  explains 
shift  towards  lower  frequency  for  GaAsSb  as  compared  to  GaAs  NWs  [91].  Prior  to  the 
interaction  with  the  laser,  most  of  the  molecules  would  be  in  the  ground  vibrational  state.  This 
makes  most  of  the  scattering  to  be  Stokes  Raman  scattering. 

The  Raman  measurements  were  performed  using  a  Horiba  Jobin  Yvon  Lab  Ram 
ARAMIS  with  a  spectral  resolution  of  0.6  cm"1  for  spectral  dispersion.  A  HeNe  laser  of  632  nm 
wavelength  was  used  for  excitation  of  the  molecules.  It  had  a  spectral  range  of  200  nm  to  NIR 
with  a  spectral  resolution  of  0.6  cm  1  at  680  nm  with  1800  gr/mm  grating.  The  instrument  was 
calibrated  using  a  standard  Si  sample  to  observe  a  peak  at  520  cm  '.The  Raman  signals  were 
collected  by  using  a  multichannel  air  cooled  charge  coupled  device  and  Lorentzian  curve  fitting 
was  carried  out  for  obtaining  the  peak  frequency  value. 

3.4.4  Atomic  Force  Microscopy.  The  surface  morphology  was  studied  using  Agilent 
Technologies  5600  LS  Atomic  Force  Microscope.  An  automated  tip  mode  was  used  to  scan  the 
test  area  with  a  minimum  damage  to  the  sample  surface.  A  sampling  area  of  5x5  pm  square  was 
used  to  observe  the  surface  roughness.  After  the  data  acquisition  AFM  analysis  freeware  tools 
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such  as  SPIP  was  used  to  correct  for  any  tilt/offset  in  the  data.  The  surface  roughness  was 
estimated  from  the  root  mean  square  (rms)  value  of  the  intensities  in  the  scanned  data. 

3.4.5  X-Ray  Diffraction.  X-Ray  diffraction  is  one  of  the  common  techniques  for  the 
study  of  crystal  structure  and  lattice  parameters  of  materials.  In  this  diffraction  experiment,  the 
incident  x-ray  having  the  wavelength  which  is  comparable  to  the  spacing  between  the  atoms  in 
the  material  follows  the  Bragg’s  law.  Based  on  Bragg’s  law,  this  relation  between  angle  of 
incident,  wavelength  of  X-rays  and  the  distance  between  the  crystal  planes  can  be  shown  as 
2dsin0=  nA,  where  d  is  the  interplanar  spacing,  0  is  the  angle  of  incidence  of  X-ray,  A  is  the 
wavelength  of  the  X-ray  and  n  is  the  number  of  planes.  For  a  cubic  crystal  with  lattice  constant, 


a0  ,  interplanar  distance  is  given  by,  dhkl  — 


a0 


d  (h2 +k2 +l2 


with  the  diffraction  peak  at  angle  20, 


where  2 9hki  —  2arcsin(A''  h  +k  —).  Depending  on  the  crystal  structure,  certain  possible 

2  a0 

diffracted  angles  are  obtained  by  scanning  it  through  a  range  of  20  angles.  Using  the  X-ray 
diffraction  spectra,  information  such  as  the  crystallographic  structure,  strain,  relaxation,  tilt, 
lattice  parameter  and  dislocation  densities  can  be  determined. 

All  the  X-ray  diffraction  scans  were  performed  using  Bruker’s  D8  Discover  instrument  as 
shown  in  Figure  3.7  with  a  Da  Vinci  diffractometer  in  the  standard  Bragg  Brentano  para- 
focusing  configuration.  This  system  was  configured  with  a  2.2  kW  Cu  x-ray  tube  as  the  source. 
X-  rays  from  the  Cu  Ka  source  has  computer  controlled  incidence  containing  both  Koq  and  Kao 


components. 
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Figure  3.7.  Bruker’s  Discover  D8  X-ray  diffraction  system[92]. 

3.4.6  Transmission  electron  microscope.  A  basic  setup  of  a  transmission  electron 
microscope  (TEM)  can  be  seen  in  Figure  3. 7. The  electron  gun  accelerates  the  electron  that 
originate  from  either  a  thermionic  or  a  field  emission  source.  This  electron  beam  is  controlled  by 
electromagnetic  lens  and  deflector  coils [93].  The  condenser  lens  condenses  the  beam’s  spread 
and  controls  the  illumination  on  the  specimen.  This  lens  aperture  limits  the  angular  range  of  the 
electron  that  are  allowed  on  the  specimen.  Hence  it  makes  the  beam  parallel  and  remove  high 
angle  electron  that  suffer  most  from  the  lens  aberration. 
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Viewing  screen 
Figure  3.8.  A  schematic  of  the  TEM  set-up. 

In  most  TEMs,  the  samples  are  placed  between  the  upper  and  the  lower  objective  lenses. 
The  upper  pole  piece  is  used  to  make  the  highly  focused  electron  probe  in  the  STEM  mode  and 
the  lower  pole  piece  is  responsible  for  the  imaging  in  the  conventional  TEM  (CTEM).  In 
diffraction  mode,  an  aperture  is  inserted  in  the  image  plane  to  restrict  the  area  of  the  sample 
contributing  to  the  diffraction  pattern.  This  is  called  selected  area  electron  diffraction  (SAED). 
In  STEM,  the  image  is  formed  by  scanning  a  probe  (convergent  beam)  in  a  raster  over  the 
sample  and  collecting  the  transmitted  beam  from  the  probe  position.  The  magnification  of  the 
image  is  determined  from  the  area  of  the  scanned  surface  rather  than  by  lenses.  Here  the  image 
intensity  depends  on  the  total  signal  collected  during  the  time  the  probe  was  kept  on  the  sample. 
In  this  work,  the  NWs  images  were  acquired  using  CTEM  and  HRTEM,  on  a  JEOL2010F  and 
FEI  Titan  G260-300.The  later  was  equipped  with  aberration  corrected  STEM. 
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3.5  Conclusion 

Molecular  beam  epitaxial  technique  was  used  for  the  growth  of  the  GaAs/GaAsSb  NWs  on 
Si  (111)  substrate  due  to  its  precise  control  of  the  adatoms  that  allows  obtaining  NWs  with  superior 
optical  properties.  It  was  also  used  in  Be  doping  study  of  GaAs  NWs.  The  growth  steps  are 
outlined.  The  basic  principles  of  operation  of  different  instruments  used  in  the  characterization  of 
the  NWs  have  been  briefly  reviewed  and  relevant  experimental  details  have  been  provided. 
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CHAPTER  4 

Study  of  Be  Doping  in  Ga  Assisted  GaAs  Nanowires 

4.1  Introduction 

For  effective  implementation  of  NWs  in  miniaturized  devices,  the  doping  of  the  NWs 
needs  to  be  researched  extensively.  Among  various  p  type  dopants.  Be  doping  in  NWs  has  been 
studied  extensively  [38,  62,  94].  As  evident  from  the  literature  review,  the  studies  are  focused  on 
single  NWs  and  the  results  are  scattered. 

In  this  chapter  a  systematic  and  comprehensive  approach  is  adopted  in  order  to  get  a 
deeper  insight  into  the  effect  of  growth  parameters  with  a  detailed  study  on  the  NW  core  and 
shell  configuration  was  performed.  For  morphological,  structural  and  optical  characteristic  of  the 
Be  doped  GaAs  NW,  characterization  techniques,  such  as  XRD,  SEM,  low  temperature  PL, 
Raman  spectroscopy  and  STEM,  were  performed.  This  has  enabled  us  to  identify  the  relevant 
growth  parameters  that  strongly  influence  Be  incorporation  in  the  NWs. 

4.2  Experimental  Details 

The  GaAs  NWs  were  grown  using  the  EPI  930  solid  source  MBE  system  equipped  with  a 
Ga  SUMO  cell,  Be  effusion  cell  and  an  As  valved  cracker  as  described  in  details  elsewhere  [95, 
96].  The  Ga  assisted  NW  growth  was  carried  out  on  epiready  Si  (1 1 1)  substrates  with  boron  as 
dopant.  For  the  core  NW  growth,  the  As2  flux  was  maintained  at  a  beam  equivalent  pressure 
(BEP)  of  2.4x10  6  Torr  and  all  growths  were  performed  at  600°C.  Growth  was  initiated  by 
opening  the  Ga  cell’s  shutter  for  8  seconds  prior  to  simultaneous  opening  of  As  and  Be  shutters. 
The  core  GaAs  NW  growth  was  carried  out  at  600°C  and  was  grown  for  4  minutes.  Growth  was 
terminated  by  closing  the  Ga  and  Be  shutters  simultaneously  while  the  As  shutter  was  closed 
after  the  growth  temperature  was  below  500  °C.  However,  for  the  shell  growth,  the  growth  was 
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again  initiated  with  the  opening  of  the  Ga  and  Be  shutters  along  with  As  at  the  substrate 
temperature  of  465  °C  for  4  minutes.  Keeping  the  same  Be  cell  temperature,  both  the  core  and 
shell  were  doped  with  Be.  Figure  4.1  summarizes  the  growth  parameters  of  the  samples  reported 
in  this  work  along  with  the  nomenclature  adopted  for  easy  identification  of  the  samples. 


Temperature 


V/lll 


Figure  4.1.  Summary  of  the  growth  parameters  of  the  Be-doped  NWs  where  the  samples  are 
divided  based  on  the  core/shell,  Be  cell  temperature  (°C)  and  V/III  ratio. 
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4.3  Results 

4.3.1  Scanning  Electron  Microscopy.  Figure  4.2  displays  the  variation  of  NW  density, 
diameter  and  2D  parasitic  layer  (defined  as  layer  that  grows  at  the  base  of  the  nanowires  on  the 
substrate)  thickness  with  V/III  ratio  during  core  growth  where  the  Ga  flux  was  varied  with  the  As 
pressure  being  maintained  constant  for  the  NWs  grown  at  a  Be  cell  temperature  of  900°C.  With 
increasing  V/III  ratio,  the  density  of  NWs  increases  (Figure  4.2  (a)),  diameter  decreases  (Figure 
4.2  (b))  and  the  2D  parasitic  layer  thickness  decreases  (Figure  4.2(c))  with  the  continuous  2D 
film  transforming  to  more  localized  islands  for  V/III  ratio  of  10.  Typical  diameters  and  lengths  of 
the  NWs  studied  were  in  the  range  of  60-90  nm  and  1-1.5  pm,  respectively.  In  addition  to 
enhanced  NW  density  and  decrease  in  the  diameter  of  NWs,  there  is  also  increase  in  the  axial 
growth  rate  with  increasing  V/III  ratio.  The  latter  confirms  the  inverse  length  -diameter  (L-D) 
relationship  commonly  observed  in  NWs  grown  by  the  VLS  mechanism  [97]  and  has  generally 
been  attributed  to  the  rapid  nucleation  of  the  solid  nanowires  below  the  droplet  driven  by  its 
supersaturation.  This  also  prevents  contiguous  formation  of  a  2D  parasitic  layer.  Although  thin 
NWs  of  high  density  are  grown  at  a  V/III  ratio  of  10,  the  PL  signals  were  weak;  hence,  most  of 
the  NW  cores  were  grown  at  a  V/III  ratio  of  6. 
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Figure  4.2.  Variation  of  (a)  NW  density,  (b)  Diameter  and  (c)  NW  2D  layer  thickness  as  a 
function  of  V/III  ratio  during  core  growth.  SEM  images  of  NWs  with  constant  core  V/III  ratio  of 
6  and  different  shell  V/III  ratio  of  (d)  20, (e)  35  and  (f)  70  at  a  Be  cell  temperature  of  900°C. 

The  axial  growth  rate  was  also  influenced  by  Be  cell  temperature  as  demonstrated  in 
Figure  4.3.  With  an  increase  in  the  Be  cell  temperature  from  800°C  to  990°C,  the  axial  growth 
rate  and  density  of  the  NWs  are  reduced  with  simultaneous  enhancement  in  the  NW  diameter 
and  the  two-dimensional  islands  were  found  to  be  more  localized  (Figure  4.3).  Be  act  as  a 
substitutional  (reactive)  impurity  and  form  strong  bond  with  GaAs  NWs[98].  During  the 
segregation  process,  an  exchange  reaction  between  the  adatoms  of  the  growing  layer  (GaAs)  and 
the  Be  (acting  as  a  surfactant)  takes  place  which  results  in  subsurface  incorporation [99].  In  order 
to  migrate,  the  atoms  have  to  break  the  existing  bonds  (including  those  with  Be)  and  this  leads  to 
higher  barrier  for  hopping.  This  reduces  the  surface  diffusion  length  of  the  adatoms  which  results 


in  its  accumulation  around  the  radius  and  promoting  the  radial  growth.  This  also  explains  the 


reduction  in  the  axial  growth  as  shown  in  Figure  4.3(a). 


Figure  4.3.  Variation  of  (a)  length  and  diameter  and  (b)  density  of  the  nanowires  with  Be  cell 
temperature.  Be  doped  GaAs  NWs  with  increasing  Be  cell  temperature  from  (c)  800°C  to  (d) 
990°C. 

4.3.2  X  ray  diffraction  and  STEM.  The  29/9  XRD  scans  on  all  samples  exhibited  two 
dominant  peaks  corresponding  to  (1 1 1)  reflections  of  GaAs  and  Si  at  27.4°and  28.5°, 
respectively.  The  shoulder  observed  on  the  higher  Bragg  angle  side  near  all  peaks  reflects  the 
presence  of  both  components,  Kai  and  Ka2,  in  the  unfiltered  X-ray  source.  This  was  later 
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confirmed  by  calculation.  As  XRD  has  only  been  used  to  assess  the  relative  quality  of  the  NWs 
and  no  quantitative  data  is  derived,  the  unfiltered  X-ray  source  does  not  impact  any  conclusion 
drawn. 
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Figure  4.4.  XRD  scans  of  core  and  shell  structured  NWs  for  Be  cell  temperatures  of  900°  C  and 
990°C. 


Figure  4.4  illustrates  XRD  scans  of  the  core  and  shell  structures  for  Be  cell  temperatures 
of  900°  C  and  990°C.  There  was  broadening  of  the  peak  with  a  shift  towards  higher  angle  as  the 
Be  temperature  was  increased  whether  we  use  a  core  or  a  shell.  This  broadening  could  be  either 
due  to  the  Be  incorporation  in  the  NWs  or  due  to  the  poor  crystalline  quality  of  the  sample 
surface.  The  peak  intensity  of  GaAs  (111)  and  Si  (111)  XRD  peaks  in  the  samples  follow  an 
inverse  relation,  i.e.,  high  GaAs  (1 1 1)  peak  is  accompanied  by  small  Si  (1 1 1)  XRD  peak.  It  is 
very  likely  that  Si  (1 1 1)  peak  originates  from  the  Si  substrate  itself.  This  is  also  confirmed  with  a 
significant  reduction  in  the  Si  peak  for  both  core  and  shell  structure  when  more  islanding  of  the 


2D  layer  was  present. 
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Figure  4.5  HAADF  and  STEM  images  which  (a)  and  (b)  displays  the  zinc  blende  GaAs  with 
GaAs  dumbbells  clearly  visible  as  viewed  from  the  [Oil]  zone  axis  (c)  Image  showing  necking 
down  near  the  NW  tip  (d)  FFT  of  WZ  region  in  the  NW  tip  viewed  along  the  [2110]  zone  axis 
with  WZ  growth  direction  as  <000 1>. 

Figure  4.5  and  4.6  shows  the  HAADF  STEM  images  emphasizing  the  transition  from  ZB 
to  WZ  phase.  At  the  very  tip  of  the  NWs,  for  both  the  samples,  the  WZ  structure  transitions 
terminates  in  a  ZB  structure,  as  shown  in  Figures  4.7(a)  and  4.7(e).  The  STEM  image  was 
acquired  along  the  0110  11211  (WZIIZB)  zone  axis,  where  STEM  images  of  the  WZIIZB 
structures  are  barely  indistinguishable.  Since  the  images  for  this  STEM  zone  axis  viewing  are  not 
included,  we  do  not  need  to  discuss.  Only  the  STEM  images  acquired  along  the  [2110]  II  [01 1] 
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(WZIIZB)  zone  axes  are  included  and  shown,  where  the  WZ-ZB  interface  is  easily  distinguished. 
The  reduced  diameter  region  associated  with  a  necking  phenomenon  occurring  near  the  tip  of  the 
core  NW  sample  grown  with  Be  at  900°C  exhibits  predominantly  a  WZ  structure.  The  necking 
of  the  NW  observed  only  in  the  doped  NW  cores  can  be  attributed  to  termination  of  the  Be  flux 
while  the  As  flux  remains  “on”.  In  the  absence  of  Be,  supersaturation  is  increased  and  with  the 
availability  of  As  flux,  the  wire  continues  to  grow  with  smaller  diameter,  which  strongly  favors 
the  WZ  structure  [5  9]. 


Figure  4.6.  (a)  Shows  a  transition  from  ZB  to  WZ  with  random  twinning  present  (b)  The  tip  end 
of  the  GaAs  structure  is  shown  transitioning  back  to  ZB. 

STEM  micrographs  (Figure  4.7)  of  core  NWs  grown  at  different  Be  cell  temperatures  of 
800  °C  and  900  °C  exhibit  a  combination  of  both  WZ  and  ZB  crystal  structures. 
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Figure  4.7.  (a)  HAADF  STEM  image  of  core  NW,  viewed  along  the  [Oil]  ZB  zone  axis 
indicating  a  predominantly  ZB  region. (b)  viewed  along  the  [2110]  ll[011]  (WZIIZB)  zone  axes 
indicating  a  transition  region  from  twinning  ZB  to  polytype  WZ  congruent  with  NW  diameter 
reduction  (c)  HAADF  STEM  image  with  selected  areas  annotated  for  region  identification  and 
correlation  of  subsequent  images  viewed  from  different  axes,  (d)  viewed  along  the  [2110]  WZ 
zone  axis  indicating  predominantly  polytype  wurtzite  crystal  structure  (e)  viewed  along 
[21 10]ll[01 1]  (WZIIZB)  zone  axes  at  the  NW  tip  terminating  in  a  ZB  structure. 

4.3.3  Optical  study  of  the  Be  doped  NWs.  In  this  section,  photoluminescence  spectra 
was  performed  on  all  the  samples  including  the  core  and  shell  structure  and  with  Be  at  different 
cell  temperature.  Raman  analysis  was  also  performed  to  determine  the  vibrational  properties  and 


microstructural  quality  of  the  NWs. 
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Figure  4.8.  (a)  PL  spectra  of  samples  with  variation  in  density  and  2D  layer  thickness  for  NWs 
grown  at  Be  cell  temperature  of  900°C.  (b)  PL  spectra  of  NWs  at  different  Be  cell  temperature. 

4.3.3. 1  Photoluminescence  study.  Figure  4.8(a)  shows  the  PL  spectra  of  NW  samples 
before  and  after  ultrasonication.  It  was  found  that  the  PL  peak  originated  predominantly  from  the 
NWs  as  the  peak  intensity  reduced  drastically  when  the  NWs  were  removed  after  ultrasonication. 
Figure  4.8(b)  represents  PL  spectra  of  core  NWs  grown  at  different  Be  cell  temperatures.  A 
dominant  and  broad  peak  was  observed  in  the  range  of  1.35-1.39  eV.  This  PL  peak  is  associated 
with  deep  impurities  and  defects  commonly  attributed  to  the  presence  of  two  complexes,  Asca  - 
SiGa  and  SUs  -  Vas,  caused  by  diffusion  of  Si  atoms  from  the  Si  substrate  [100].  The  PL  peak 
shifted  to  higher  energy  with  an  increase  in  Be  cell  temperature  from  800  °C  to  900  °C  and  no 
significant  shift  was  observed  with  a  further  increase  in  Be  cell  temperature.  Hence,  extensive 
characterization  was  carried  out  on  the  NWs  grown  with  a  Be  cell  temp  of  900  °C  and  for  the 
highest  Be  cell  temperature  of  990  °C,  which  exhibited  a  more  narrow  PL  signal.  A  small  peak 
was  also  observed  at  ~1.5  eV  in  all  the  samples  except  the  one  grown  at  800  °C  Be  cell 
temperature;  this  peak  becomes  more  well  defined  for  NWs  grown  at  a  Be  cell  temperature  of 
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990  °C.  The  PL  shape  of  the  NWs  grown  at  800  °C  exhibited  a  long  tail  on  the  high  energy  side 
of  the  emission  peak  in  contrast  to  that  on  all  other  samples,  which  showed  a  tail  on  the  low 
energy  side. 


Figure  4.9.  PL  spectra  of  NWs  grown  at  different  V/III  ratios  of  (a)  core  and  (b)  core/shell 
configurations,  (c)  PL  spectra  of  core/shell  (6/35)  NWs  for  different  Be  cell  temperatures  and  (d) 
comparison  of  core/shell  structure  for  NWs  grown  at  Be  cell  temperatures  of  900°C  and  990°C 
and  at  V/III  ratios  of  70  and  35. 

Figure  4.9(a)  shows  the  normalized  PL  spectral  dependence  of  the  NWs  on  V/III  ratio.  A 
higher  V/III  ratio  of  10  results  in  a  reduction  in  PL  signal;  hence,  a  ratio  of  6  was  found  to  be 
optimum  with  NWs  having  good  density  and  PL  signal.  In  the  case  of  core/shell  NW  structures, 
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a  blue  shift  in  PL  peak  energy  is  observed  with  decreasing  V/III  ratio  and  no  PL  peak  was 
discernible  for  a  shell  V/III  ratio  of  20  (not  shown). Thus  with  the  V/III  ratio  for  the  core  at  6  as 
the  optimized  flux  ratio,  further  tuning  of  the  growth  parameters  were  carried  out  at  two  Be  cell 
temperatures  of  900  °C  and  990  °C  as  shown  in  Figure  4.9(c)  and  the  V/III  ratio  of  the  shell  as 
shown  in  Figure  4.9(d) .  The  growth  duration  for  these  samples  were  longer  for  both  the  core  and 
shell,  resulting  in  NWs  of  larger  diameter  of  388  nm  and  length  of  ~  10  pm,  to  enhance  the  PL 
intensity.  The  PL  spectra  exhibit  two  broad  peaks  in  the  range  of  1.35  to  1.39  eV  and  1.48  to 
1.51  eV  assigned  here  as  A  and  B,  respectively,  with  the  latter  being  dominant. 

Be  doped  core  nanowires  with  a  varying  V/III  ratio  from  10,  6  and  4  showed  a  consistent 
behavior  in  the  reduction  of  the  peak  at  the  same  Be  cell  temperature,  i.e.,  900°C.  Keeping  the  As 
flux  constant  for  a  B.E.P  at  2.4x10  6  Torr,  the  Ga  flux  was  varied.  The  diameter  was  observed  to 
reduce  as  the  V/III  ratio  was  increased.  As  the  Ga  flux  is  reduced,  more  As  adatoms  go  to  the 
liquid  droplet  increasing  its  supersaturation.  But  due  to  the  less  availability  of  Ga,  the  droplet 
size  generally  reduces  which  in  turn  reduces  the  diameter  of  the  NWs.  From  the  PL  plot  there  is 
a  higher  intensity  in  case  of  the  NWs  with  V/III  ratio  of  6  which  could  be  due  to  alignment  of  the 
NWs. 

Raman  spectra  of  some  selected  samples  are  shown  in  Figure  4.10(a)  and  4.10(b)  which 
reveal  three  prominent  peaks  at  267.7  cm'1,  290.7  cm"1  and  521.3  cm1,  corresponding  to  GaAs 
(TO),  GaAs  (LO)  and  Si  (LO)  peaks,  respectively.  Figure  4.10  (c)  -  4.10  (e)  display  the  variation 
of  the  full  width  half  maxima  of  GaAs  (LO)  peak,  GaAs  LO  peak  intensity  and  TO/LO  intensity 
ratio  as  a  function  of  temperature.  It  may  be  observed  that  these  three  Raman  peaks  are  strong 
functions  of  Be  cell  temperature  and  seem  to  be  weakly  dependent  on  the  NW  configuration. 
With  increasing  cell  temperature  the  GaAs  (LO)  FWHM  increases  while  the  LO  intensity 
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decreases  with  a  corresponding  increase  in  the  TO/LO  ratio.  Amongst  the  990  °C  grown  NW 
samples,  the  highest  FWHM  of  the  LO  peak  was  exhibited  by  the  shell  configuration.  The 
nanowire  sample  with  Be  cell  temperature  of  990  °C  and  V/III  ratio  of  6,  exhibits  an  additional 
peak  at  391  cm"1  (Figure  4.10(a))  which  is  close  to  the  384  cm  1  observed  at  77K  by  Hilse  et 
al.[38]  on  their  Be-doped  NWs  grown  by  MBE  and  was  assigned  to  Bci-BcGa  defect  centers. 

Applying  the  Raman  selection  rules  to  GaAs  NWs,  only  the  LO  mode  can  be  observed  in 
a  <100>  surface.  Though  the  TO  phonon  is  forbidden  for  this  surface,  the  selection  rules  are 
relaxed  due  to  the  impurities  that  help  in  its  activation[101].  With  higher  Be  cell  temperature  of 
990°C  and  lowering  intensities  of  LO  phonons  indicates  more  Be  incorporation  in  the  NWs. 

There  is  a  strong  dependence  on  the  Be  cell  temperature  on  the  structural  and  optical 
properties  of  the  NWs.  Lor  the  lowest  Be  cell  temperature  of  800°C,  the  NWs  features  are  quite 
distinct  as  compared  to  those  at  higher  Be  temperatures.  The  GaAs  XRD  peaks  obtained  are  very 
broad.  The  PL  results  show  a  blue  shift  for  the  higher  energy  peak  which  is  also  sharper  as 
compared  to  other  peaks  (that  is  the  tail  at  the  lower  energy  path).  In  the  Raman  spectra  too, 
there  is  an  observation  of  highest  GaAs  LO  peak  accompanied  with  lowest  TO/LO  peak  intensity 
ratio.  Taking  NWs  with  higher  Be  cell  temperature  of  990°C,  the  properties  were  contrasting. 
High  x-ray  Bragg  intensity  with  a  broader  GaAs  (111)  XRD  reflection  is  observed.  There  is  a 
small  peak  near  the  band  edge  (-1.49  eV)  in  addition  to  a  narrow  defect  peak  A.  A  high  GaAs 
TO/LO  ratio  is  observed  with  a  high  LWHM  ratio  of  these  peaks.  A  peak  at  391  cm"1  is  observed 
which  can  be  taken  as  the  interstitial  Be  peak  which  has  been  found  in  the  bulk[38].When  the 
concentration  of  the  Be  is  higher  than  1x10  /cm  ,  there  is  a  peak  beyond  1.49  eV  which  is  near 
the  band  edge  known  to  be  occurring  in  the  Be  doped  bulk  layer.  The  evolution  of  the  higher 
energy  peak  B  may  thus  be  considered  as  a  signature  of  Be  incorporation,  which  is  consistent 
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with  reports  in  literature [100].  Thus,  PL  and  Raman  characteristics  are  indicative  of  enhanced  Be 
incorporation  in  these  NWs  with  increasing  Be  cell  temperature.  On  the  contrary  at  low  Be  cell 
temperatures,  a  low  concentration  of  Be  is  reported  [36]  to  pin  the  Fermi  level  at  the  surface  due 
to  dominance  of  surface  defects.  This  in  turn  leads  to  a  doping  profile  induced  electric  field 
quenching  of  low  energy  photons  [102],  which  is  consistent  with  the  distinct  PL  behavior  of  this 
sample. 

As  shown  in  Figure  4.9  (b)  and  (c),  the  peak  B  (1.48  eV  to  1.51  eV)  has  been  found  to  be 
more  pronounced.  The  ratio  of  the  peak  intensity  of  B  to  A  was  observed  to  increase  with 
decrease  in  V/III  ratio,  increase  in  Be  cell  temperature  and  longer  growth  duration.  A  V/III  ratio 
of  35  was  found  to  be  the  optimum  below  which  the  PL  signal  vanishes  (fig.  4.9(c)).  The  Raman 
peak  intensity  ratio  12  of  TO/LO  increases  with  an  accompanying  reduction  in  the  individual 
peak  intensity  and  broadening  of  the  peaks  for  the  shell  configured  NWs  in  comparison  to  the 
core.  The  Si  peak  at  521  cm'1  is  also  reduced.  Also,  amongst  the  shell  configuration  all  the  above 
discussed  Raman  features  are  more  accentuated  with  an  increase  in  the  cell  temperature  and  for 
the  V/III  ratio  of  35. 

The  effect  of  various  growth  parameters  becomes  clearly  evident  when  the  shell  is  grown 
thicker  for  a  longer  time  (Figure  4.9(e)).  For  a  lower  Be  cell  temperature  of  900  °C,  the  peak  A 
and  peak  B  intensity  are  comparable  with  the  peak  B  at  1.45  eV  for  V/III  ratio  of  the  shell  at  70. 

The  variation  of  different  Raman  parameters  deduced  from  the  Raman  spectra  (Figure 
4.10  (a)  -  4.10  (e))  namely,  broadening  of  the  Raman  GaAs  LO  FWHM  accompanied  with  the 
increase  in  corresponding  TO/LO  peak  ratio,  decrease  in  LO  peak  intensity  and  a  Raman  Si  peak 
with  increase  in  cell  temperature  and  with  a  change  in  core  to  shell  configuration  are  consistent 
with  the  enhanced  Be  incorporation. 
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267.7  Core  with  V/lll=  6 
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Figure  4. 10.  Raman  plots  of  the  (a)  NW  core  and  (b)  with  the  core/shell  configuration  grown  at 
Be  cell  temperature  of  990°C.  Variation  of  (c)  FWHM  (LO)  modes  of  GaAs  and  its  (d)  their 
intensities  (LO)  and  (e)  Ito/Ilo  for  the  GaAs  peaks  as  a  function  of  Be  cell  temperature. 
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All  these  observations  suggest  that  Be  preferentially  incorporates  through  side  facets  as 
opposed  to  soluble  Be  within  the  Ga  melt,  which  is  in  excellent  agreement  with  the  conclusions 
by  Casadei  et  al.  [36]  on  their  Be-doped  shell  configured  single  NW  based  on  electrical 
conductivity  measurements.  Further,  the  extended  growth  period  resulting  from  the  temperature 
ramping  and  shell  growth  also  likely  contribute  to  the  continued  diffusion  of  Be  within  the 
volume  of  the  core  [94],  It  has  been  reported  that  Be  atoms  diffuse  predominantly  via  a  kick-out 
diffusion  mechanism  [103]  in  which  a  lower  As/Ga  ratio  promotes  diffusion  [104,  105].  Further 
variation  in  the  As/Ga  ratio  from  70  to  35  was  found  to  increase  the  radial  growth  rate  by  three 
times.  These  observations  provide  insight  on  the  As/Ga  ratio  dependence  of  the  shell 
configuration  on  our  PL  and  Raman  data.  Although  carrier  concentrations  were  not  measured  on 
the  NWs,  I-V  characteristics  were  performed  to  illustrate  the  dopant  incorporation. 

4.3.4  Growth  of  Be  doped  on  etched  substrates.  Be  doped  NWs  were  also  grown  on  Si 
(111)  substrates  which  were  etched  and  subsequently  oxidized  in  air  at  room  temperature,  prior 
to  the  growth.  The  V/III  BEP  flux  ratio  for  GaAs  core  and  shell  were  6  and  35,  respectively.  The 
substrate  preparation  was  found  to  be  crucial  in  order  to  enhance  the  NW  density  and  is 
discussed  in  detail  in  Chapter  7.  Figure  4.1 1(a)  below  shows  a  typical  SEM  images  of  Be  doped 
GaAs  NWs  grown  on  a  chemically  etched  and  dry  oxidized  p-type  Si  (1 1 1)  substrate.  All  the 
NWs  were  vertical  to  the  substrate  with  a  diameter  of  165  +  20  nm  and  height  of  3pm.  I-V 
characteristics  was  examined  for  two  core  shell  samples  which  were  grown  with  Be  cell 
temperatures  of  900°C  (Be  900)  and  990°C  (Be  990).  The  samples  for  I-V  measurements  were 
prepared  as  follows.  A  Poly  methyl  methacrylate  (PMMA)  layer  was  used  to  fill  the  gaps 

o 

between  the  NWs.  PMMA  thickness  was  measured  to  be  ~  4500A  using  an  ellipsometer. 
Thereafter  the  NW  was  planarized  by  sonicating  with  DI  water  for  2  hours  in  a  sonication  water 


58 


bath.  The  NWs  were  then  rapid  thermal  annealed  under  ambient  atmosphere  at  400°C  for  40sec 
duration  to  expose  the  NWs  for  contact.  Ti  (  50  nm)/Au(  200  nm)  and  Ti  (200nm)  were  used  for 
the  top  contact  on  the  NW  and  back  contact  on  the  p-type  Si,  respectively [106].  Figure  4.11(b) 
shows  the  schematic  of  the  2  probe  I-V  measurement  setup.  The  electrical  measurements  were 
performed  in  air  at  room  temperature  using  a  Keithley  4200  characterization  system  using  a  2 
probe  method. 


Figure  4.11.  (a)  shows  the  SEM  image  of  Be  doped  NWs,  (b)  shows  the  schematic  of  I-V 
measurement  for  both  the  samples,  (c)  I-V  curve  for  the  ensemble  of  NWs  at  Be  cell  temperature 


of  900°C  and  990°C. 
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Figure  4. 1 1  (c)  shows  the  I-V  curves  of  an  ensemble  of  Be  doped  GaAs  NWs.  For  better 
comparison  the  electric  current  was  measured  at  ±  1.5  V  in  both  the  samples.  It  was  observed 
that  the  NWs  with  Be  cell  temperature  at  990°C  showed  a  much  symmetric  I-V  curve  with  more 
linearity  and  higher  current  for  a  given  voltage  as  compared  to  the  ones  grown  at  Be  cell 
temperature  of  900°C.  The  latter  can  be  attributed  to  the  high  interfacial  barrier  caused  by  the 
pinning  of  the  Fermi  level  in  the  NW  at  the  surface  states.  The  asymmetric  behavior  of  the  I-V 
characteristic  is  indicative  of  the  different  contact  resistances  present  at  the  Si-  NW  and  NW  - 
metal  contact,  the  latter  being  larger  than  the  former.  At  higher  Be  cell  temperature  the  higher 
doping  on  the  semiconductor  may  likely  causes  unpinning  of  the  Fermi  level  and  forms  an 
interface  layer  between  the  NW  and  the  metal  contact[107]  lowering  the  barrier.  This  in  turn 
enables  enhanced  tunneling  of  the  charge  carriers  leading  to  more  linear  and  symmetric  I-V 
behavior,  consistent  with  the  observation  of  Dheeraj  et  al.  [37]  .  These  are  clear  evidences  of 
higher  Be  incorporation. 

4.3.4. 1  Photoluminescence  measurement.  Figure  4.12  (a)  below  show  the  4K  PL 
measurement  of  both  the  samples.  The  main  peak  was  at  1.5  eV.  The  peak  at  1.5  eV  was  a  clear 
indication  of  the  Be  doping  in  the  NWs[108].  The  FWHM  were  33meV  and  80  meV  for  Be  900 
and  Be  990,  respectively.  The  broader  FWHM  can  be  considered  as  a  signature  of  enhanced  Be 
incorporation  due  to  more  disorder  in  the  NW.  The  absence  of  any  other  peak  is  indicative  of  the 


good  quality  of  the  NWs. 
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Figure  4.12.  (a)  4K  photoluminescence  of  samples  grown  with  Be  cell  temperature  of  900°C  and 
990°C  (b)  comparing  single  NW  with  the  ensemble  of  NWs  of  sample  grown  with  Be  cell 
temperature  of  990°C. 

Figure  4.12(b)  above  shows  the  4K  p-  PL  measurement  comparing  single  NW  with  the 
ensemble  of  NWs  of  Be  990.  Single  NWs  were  prepared  by  sonicating  the  ensemble  of  NWs  on 
Si  substrate  in  propanol  for  30  minutes.  Later  the  NWs  are  collected  and  transferred  through  a 
micropipette  onto  a  Cu  grid.  It  is  allowed  to  dry  in  the  grid  which  is  followed  by  p-PL 
measurements.  The  peaks  occur  at  1.5  eV  for  Be  990  with  FWHM  of  53  meV.  Comparison  of 
single  with  the  ensemble  of  wires  showed  a  blue  shift  of  10  meV  for  the  PL  peak  which 
broadened  in  case  of  ensemble  of  NWs.  This  could  be  due  to  variation  of  Be  incorporation  from 
single  to  ensemble  ones.  These  results  are  in  excellent  agreement  with  our  earlier  results  in 
section  4.3.3  and  also  the  NW  are  homogenous  and  superior  in  quality  as  evidenced  by  the  lack 
of  the  impurity  related  PL. 

4.4  Conclusion 

In  order  for  GaAs-based  nanowires  to  be  widely  adopted  in  novel  nanoelectronic  and 
nanophotonic  devices,  one  must  understand  the  growth  parameters  that  influence  dopant 
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incorporation.  As  a  consequence,  we  have  performed  a  detailed  and  comprehensive  investigation 
on  the  effect  of  V/III  flux  ratio,  NW  configuration  and  cell  temperature  on  Be  incorporation  in 
MBE  grown  GaAs  NWs.  It  has  been  demonstrated  that  Be  incorporation  is  strongly  influenced 
by  NW  configuration,  Be  cell  temperature  and  V/III  ratio  of  the  shell.  We  find  that  a  shell 
configuration  with  Be  cell  temperature  of  990  °C  with  a  V/III  ratio  of  35  for  the  shell  are 
optimum  for  high  Be  incorporation.  Using  appropriate  preparation  of  the  substrate,  high  density 
and  good  quality  doped  NWs  have  been  achieved  as  attested  by  PL  data.  Single  NW  PL 
replicates  very  well  the  PL  ensemble.  The  I-V  measurements  were  consistent  with  higher  Be 
incorporation  for  Be  cell  temperature  of  990°C. 
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CHAPTER  5 

GaAs/GaAsSb  Axial  NWs  on  Non-etched  Epiready  Si  Substrate1 

5.1  Introduction 

The  GaAsSb  NW  by  itself  [15]  had  been  grown  on  GaAs(l  1 1)B  substrate,  exhibiting 
rotational  twins  around  its  (1 1 1)B  growth  axis,  with  an  equal  amount  of  twinned  and  untwined 
orientations.  Plissard  et  al.  [30],  had  demonstrated  the  growth  of  GaAs/GaAsSb  without  Au  as  a 
catalyst  instead  using  the  Ga  to  induce  the  growth.  The  Sb  composition  used  in  the  GaAsSb  core 
was  up  to  30  at.  %.  Unlike  other  III-V’s,  GaAsSb  requires  more  accurate  control  in  the 
composition  due  to  the  presence  of  two  competing  group  V  species  with  different  sticking 
coefficients. 

In  this  chapter,  the  self-catalyzed  Ga  assisted  growth  of  GaAs  NWs  with  GaAsSb  inserts 
on  Si  (1 1 1)  substrates  has  been  studied.  Structural  and  optical  properties  as  a  function  of  the 
number  of  segments  in  the  nanowires  are  presented  using  a  variety  of  characterization 
techniques.  Extensive  photoluminescence  study  on  the  NWs  was  performed  which  included  4K 
temperature  dependence  analysis. 

5.2  MBE  Growth 

The  NWs  studied  were  grown  by  MBE  exploiting  the  vapor-liquid-solid  mechanism 
initially  reported  by  Wagner  and  Ellis  [47]  in  1964  where  Ga  was  used  as  catalyst  on  a  Si  (1 1 1) 
substrate. 

5.2.1  Ga  assisted  GaAs/GaAsSb  NWs  on  Si  (111).  As  previously  reported,  Au  is  the 
most  commonly  used  catalyst.  Successful  MBE  growths  of  Au  assisted  NW  growths  has  been 
demonstrated  [15].  But  due  to  the  deep  trap  formation  along  with  its  high  diffusivity  of  the  Au 

1  Parts  of  this  chapter  were  adapted  from  book  chapter:  Iyer,  S.,  et  al.,  A  Study  of  Ga-Assisted  Growth  of 
GaAs/GaAsSb  Axial  Nanowires  by  Molecular  Beam  Epitaxy.  Nanoscience  and  Nanoengineering:  Advances  and 
Applications.CRC  Press,  2014:  p.  31. 
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into  the  semiconductor,  it  leads  to  contamination  of  the  NWs.  Due  to  these  reasons  alternative 
catalysts  were  proposed.  In  this  study  Ga  is  used  as  a  self-catalyst. 

lxl  cm  square  pieces  of  Si  (111)  epiready  substrates  were  used  for  the  growth.  The 
substrate  was  rotated  at  30  rpm  and  the  growth  temperature  was  varied  from  580°C  to 
620°C. These  growths  were  initiated  by  impinging  Ga  vapor  condense  into  isolated  droplets  on 
the  Si  substrates  for  6-8  sec  before  allowing  the  As  flux.  The  As  to  Ga  ratio  was  kept  constant  at 
6  for  all  the  samples  at  an  As  BEP  of  2.4  xlO  6  Torr.  The  NWs  features  were  characterized  using 
the  in  situ  RHEED  diffraction  pattern.  Below  (Figure. 5.1)  are  the  typical  RHEED  images 
obtained  during  the  growth  which  shows  the  evolution  of  the  RHEED  patterns  during  the  NW 
growth.  Due  to  instrumental  shortcoming,  further  analyses  on  RHEED  were  not  performed. 


Figure  5.1.  RHEED  patterns  of  a  Si  substrate  in  the  initial  GaAs  NWs  growth  showing  the  3D 


islands  formation. 
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As  soon  as  the  growth  starts,  the  Ga  droplets  deposits  on  the  substrate  forming  the  3D 
islands.  As  the  growth  proceeds,  there  is  a  shift  in  the  RHEED  pattern  to  horizontal  isolated  oval 
shapes  confirming  the  3D  islands  which  are  generally  NWs  [87].  A  detailed  analysis  of  these 
patterns  could  give  information  on  the  defects  or  presence  of  twin  planes,  whether  it  is  WZ  or  ZB 
and  also  the  reciprocal  lattice  spacing  of  materials. 


Figure  5.2.  Typical  RHEED  image  during  a  GaAs/GaAsSb  NW  growth  on  an  epiready  Si  (111). 
5.3  Scanning  Electron  Microscopy  Analysis. 

Figure  5.3  below  shows  the  schematic  of  NWs  with  two  different  configurations 
proposed.  Figure  5.3(a)  shows  a  single  segmented  GaAs/GaAsSb  NW  N1  and  (b)  shows  a 
double  segmented  one  N2.  Based  on  the  growth  temperature,  the  nomenclature  gets  modified 
with  an  added  growth  temperature  value.  Along  with  the  configurations,  it  also  depicts  the 
opening  and  closing  time  of  the  Ga,  As  and  Sb  shutters. 
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Figure  5.3.  (a)  schematic  of  the  one  segment  NWs  (b)  two  segmented  NWs  grown  along  with 
their  expected  dimensions.  We  also  see  the  opening  and  closing  time  of  Sb  valve. 

Below  Figure  5.4(a)  displays  the  SEM  image  of  a  single  segmented  GaAsSb  in  a  GaAs 
NW,  namely  N1  620,  with  well  uniform  surface  and  a  flat  top  where  the  Ga  droplet  was  removed 
with  an  excess  As  flux.  A  typical  alignment  of  the  NWs  with  almost  80%,  were  vertical  to  the 
substrate  as  shown  in  the  Figure  5.4(b).  The  length  of  these  NWs  was  controlled  by  the  Ga  and 
As  flux.  They  had  a  diameter  of  150-180  nm  and  ~  4-5.5  pm  length.  The  densities  of  these  wires 
were  less,  ranging  approximately  from  4xl06to  3xl07  cm"2. 


Figure  5.4.  Hexagonal-shaped  GaAs  NWs  grown  on  Si  substrate  and  (b)  comparison  of  the 

2 

percentage  of  vertical  and  bent  wires  in  different  samples  taken  over  an  area  of  200  pm“. 


%  of  bent  wires 
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The  Ga  droplet  plays  an  important  role  in  the  structure  of  the  NW.  Not  only  does  it  play  a 
major  role  in  determining  its  diameter,  but  also  affects  the  length  of  the  NWs  by  acting  as  a 
catalyst.  At  the  initial  stage  the  Ga  shutter  was  opened  for  8  sec.  This  allowed  enough  Ga  to  react 
with  the  Si  substrate  and  form  nano-droplets  at  the  substrate’s  surface.  The  size  of  these  droplets 
determines  the  diameter  of  the  nanowires.  Based  on  the  growth  rate  and  the  growth  temperature, 
the  NWs  grow  axially  or  radially.  By  the  removal  of  this  Ga  droplet,  the  axial  growth  can  be 
terminated.  Simultaneous  closing  of  the  As  and  Ga  shutters  results  in  a  Ga  droplet  on  the  top  of 
the  NW  as  shown  in  Figure  5.5(a).  Leaving  the  As  “on”  after  termination  of  the  growth  resulted 
in  a  tapered  top  as  shown  in  Figure  5.5(b).  Thus,  the  tip  of  the  NW  can  be  suitably  controlled  by 
the  As  flux  caused  by  varying  Ga  consumption  consistent  with  the  VLS  growth  mechanism. 


Figure  5.5.  (a)  Single  segmented  NW  with  Ga  droplet  on  the  top.  (b)  NW  with  tapered  top 

5.4  XRD  Analysis. 

Since  these  NWs  are  grown  on  an  epiready  Si  (1 1 1)  substrate  and  the  vertical  alignment 
of  the  NWs  is  necessary  for  a  good  device,  it  is  very  important  to  determine  its  orientation  with 
respect  to  the  substrates.  The  20  scan  of  the  XRD  spectra  was  done  in  order  to  find  the 
orientation  and  to  determine  the  crystalline  nature  of  the  NWs.  These  scans  were  performed  on 
GaAs  NWs  containing  single  GaAsSb  insert  (as  shown  in  the  Figure  5.6).  The  main  dominant 
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peaks  obtained  were  26.83°,  27.31°  and  28.44°  as  shown  in  Figure  5.6  below.  These  correspond 
to  GaAsSb  (111),  GaAs  (111)  and  Si  (1 1 1)  substrates  respectively.  The  scan  showed  the 
orientation  of  the  NWs  along  (111)  direction. 


Figure  5.6.  XRD  scan  of  sample  N1  620  and  N2  are  GaAs/GaAsSb  NWs  grown 
at  600°C  and  620°C.  Peaks  at  26.83°  represents  to  GaAsSb  (111). 

5.5  TEM  Analysis. 

Transmission  electron  microscopy  (TEM)  was  performed  on  samples  containing  both  N1 
and  N2  type  of  NWs.  Figure  5.7  below  shows  the  TEM  image  and  SAED  patterns  of  NWs  N1 
620  which  contain  a  single  GaAsSb  segment  as  depicted  in  Figure  5.3.  This  NW  contained  a 
pure  ZB  phase  verified  by  SAED  patterns  and  also  contained  randomly  spaced  stacking  faults  as 
multiple  twins.  They  are  located  at  the  upper-third  to  top  quarter  of  the  NW  in  the  form  of 
lamellar  parallel  to  the  (111)  twin  composition  plane.  This  twin  region  correspond  to  the 
cessation  of  Sb  incorporation  in  the  NW.  SAED  pattern  confirms  the  ZB  NW  to  be  (111) 
oriented  and  the  twin  planes  to  be  (1 1 1)  directed. 
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Figure  5. 7.  Shows  (a)  the  TEM  image  of  a  NW  with  twin  planes  and  (b)  the  corresponding 
SAED  pattern  of  the  twin  (1 1 1)  plane.  Inverse  Fast  Fourier  filter  of  HRTEM  image  (c)  applied  to 
the  (002)  reflections  of  both  ZB  twin  phases  illustrates  the  mirroring  of  the  (002)  and  (002t) 
planes  across  the  twin  boundary. 

For  these  GaAs/GaAsSb  NWs,  the  formations  of  twin  boundaries  have  separated  the 
crystal  domains  by  rotating  in  a  symmetric  manner.  GaAs  ZB  crystal  structure  is  in  the  F43  m 
space  group.  And  the  [111]  symmetric  zone  axis  belonging  to  the  F43  m plane  is  parallel  to  the 
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NW  growth  axis.  Subsequently  the  ZB  phase  mirrors  one  another  across  the  twin  boundaries 
with  the  ZB  zone  axes  [111]  and  [111]  changing  direction  across  the  axes.  For  ZB  GaAs,  the 
symmetry  operation  for  a  rotation  about  the  [111]  axis  is  a  triad.  Thus,  the  twinning  operation 
may  be  a  60°,  a  180°,  or  a  240°  rotation  about  the  twin  axis.  Flowever,  it  is  conventional  to 
describe  the  twinning  operation  as  a  rotation  of  180°. 

For  N1  620  NWs,  which  exhibit  Ga  droplets  at  the  tip,  there  was  no  evidence  of  a  WZ 
phase  at  any  point  along  the  NW.  However,  for  the  N1  and  N2  NWs  in  which  the  tip  were 
devoid  of  Ga  droplets,  a  region  of  WZ  phase  would  occur  just  below  the  tip. 


Figure  5.8.  N2  NW  without  a  Ga  droplet  at  the  tip  and  with  a  400  nm  region  with  a  WZ  structure 
just  below  the  tip.  The  very  tip  end  and  the  remaining  NW  below  the  WZ  region  are  pure  ZB 


with  multiple  twinning. 
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Sb  plays  a  major  role  in  the  structure  formation  of  the  NW  and  generally  results  in  a  ZB 
structure  [10].  Sb  being  a  heavier  element  (at.  no.  51)  has  longer  covalent  bonds  compared  to  Ga 
and  As.  It  behaves  as  a  surfactant  and  has  strong  influence  on  surface  related  properties.  It  can 
modify  the  surface  free  energy  and  have  negligible  solubility  in  the  bulk.  It  accumulates  on  the 
surface  and  affects  the  growth  kinetics[60].  It  has  much  lower  vapor  pressure  [2x10  4  Torr  at 
450°  C][109].  It  tends  to  remain  on  the  surface  of  the  binary  systems  such  as  GaAs,  InSb  and 
produce  growth  irregularities.  With  the  introduction  of  Sb  during  the  growth,  it  resulted  in  ZB 
GaAsSb  inserts  on  already  existing  ZB  GaAs  stem  structure  [95].  To  get  a  lower  energy,  the  ZB 
nucleus  at  the  TPI  (triple  phase  interface)  tend  to  rotate  180°  which  results  in  formation  of  twin 
surfaces  and  result  in  the  planar  defects.  Although  these  defects  are  formed,  the  NW  exhibits  the 
ZB  structure  due  to  the  GaAsSb  insert. 

5.5.1  Composition  analysis  by  XEDS.  Figure  5.9  below  shows  the  XEDS  line  scan  and 
also  the  STEM  imaging  over  the  entire  NW  range.  The  XEDS  line  scan  below  confirms  the 
incorporation  of  Sb  in  the  NW.  In  addition,  Sb  mole  fraction  in  the  GaAsSb  inserts  was  found  to 
vary  from  1  to  4  at.  %.  The  region  2  shows  Sb  content  of  4  at.  %  .  Though  not  expected,  some 
traces  of  Sb  are  found  in  region  3.  It  was  found  that  the  growth  rate  of  the  GaAsSb  was  ~  20-25 
%  larger  with  respect  to  anticipated  one  as  shown  in  the  Figure  5. 3.  An  XEDS  line  scan  shows 
the  relative  elemental  X-ray  count  distribution  along  the  NW  axis.  The  collective  X-ray  count 


increases  with  NW  diameter  in  the  direction  of  the  NW  base. 


71 


Figure  5.9.  (a)  A  NW  with  a  single  GaAsSb  band  (Region  2  (e))  imaged  with  TEM,  (b) 
HAADF-STEM  and  (c)  through  (e)  XEDS-STEM  mapping  of  Ga,  As  and  Sb,  respectively,  (f) 
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5.6  Photoluminescence 

Photoluminescence  is  a  powerful  tool  to  investigate  the  optical  properties  of  the  NWs, 
which  are  greatly  influenced  by  the  surface  and  morphological  effects  due  to  the  inherent  large 
surface-to- volume  ratio.  For  instance,  the  WZ-ZB  interface  in  GaAs  is  reported  to  yield  PL  peak 
energies  lower  than  the  corresponding  polytypes  due  to  the  two  phases  at  the  interface  forming  a 
type  II  band  alignment  1 10].  Similarly,  the  presence  of  defect  levels  often  leads  to  luminescence 
at  energies  below  that  of  the  band  gap  at  low  temperatures.  Thus,  a  clear  interpretation  of 
luminescence  spectra  of  these  NWs  requires  more  detailed  investigations.  The  temperature 
dependence  of  photoluminescence  determines  the  nature  of  defects  and  non-radiative 
recombination  centers  and  hence  is  indicative  of  the  lifetime  of  the  carriers. 

In  this  work,  we  have  carried  out  a  detailed  study  of  the  temperature  dependence  of  the 
PL  spectra  for  the  three  NWs.  Figure  5.10  (a)  displays  the  low  temperature  PL  of  all  the  three 
NWs.  The  N2  sample  exhibits  the  highest  PL  peak  intensity  with  the  spectra  having  a  slightly 
asymmetric  line  shape  with  a  relatively  sharp  high-energy  cutoff. 


Figure  5.10.  (a)  1 1  K  PL  spectra  of  the  NWs  and  (b)  temperature  dependence  of  PL  peak  energy. 
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In  Figure  5.10  (b),  the  temperature  dependence  of  the  PL  peak  energy  is  displayed  for  all 
the  samples.  In  the  low-temperature  regime,  single-segment  wires  exhibit  a  slight  red  shift  with 
decreasing  temperature  compared  to  the  double-segmented  NW.  The  temperature  dependence  of 
the  PL  peak  position  was  fitted  using  the  Varshni  equation[l  1 1], 

Eg  (T)=  Eg(0)  -  (Equation  5.1) 

where  T  is  the  absolute  temperature,  Eg(0)  is  the  band  gap  at  0  K  and  a  and  p  are  the  fitting 
parameters.  The  values  of  these  parameters  for  all  the  three  samples  are  listed  in  Table  1.  The 
values  of  a  and  P  of  the  NWs  are  comparable  to  those  of  GaAs  NWs  reported  in  the  literature. 
An  excellent  fit  is  obtained  with  the  Varshni  formula  for  sample  N2  over  the  entire  temperature 
range,  while  for  the  single-segmented  samples,  there  is  considerable  difference  between  the 
experimental  values  and  those  obtained  using  Varshni ’s  formula  for  temperatures  below  about 
1 10  K.  That  is,  in  these  latter  samples,  the  temperature-independent  portion  that  is  normally 
observed  at  the  lowest  temperatures  extends  to  considerably  higher  temperatures. 

Table  5.1 

Summary  of  the  PL  parameter  and  pertinent  PL  data 


Growth 

Temperature  Energy  at 


Sample 

Segments 

ro 

a  (eV/k) 

P<k) 

fs(cV) 

11  K 

f,  (meV) 

Eb  (meV) 

fiocli  (meV) 

T  delocOQ 

N 1-620 

1 

620 

3.87  x  10-* 

251 

1.328 

1.31 

51.4 

4.5 

9.8 

90 

Nl 

1 

600 

3.75  x  10-* 

247 

1.326 

1.31 

47.6 

6.8 

20 

127 

N2 

2 

600 

3.7  x  10-* 

230 

1.345 

1.34 

84.7 

10.8 

0 
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Where,  a  &  p  =  fitting  parameters;  Eg=  Bandgap  energy  ;  Eb  &  Ea  =  Activation  energy,  below  and  above  100K, ; 
Maximum  localization  energy;  Tdeloc  =Delocalization  temperature. 


Table  5.1  lists  the  values  of  E™™  and  Tdeioc,  where  E™£x  is  defined  as  the  maximum 


localization  energy  measured  as  the  largest  energetic  difference  between  the  experimental  PL 
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peak  energy  and  the  value  of  the  energy  predicted  by  the  Varshni  relation.  Tdeioc  is  the 


temperature  at  which  delocalization  of  the  carriers  is  complete. 


These  quantities  are  shown  in  Figure  5.11.  The  values  achieved  are  comparable  in  the 


two  single-segmented  NWs,  but  they  are  considerably  lower  for  the  double  segmented  NW.  To 


understand  the  nature  of  the  recombination  mechanisms,  the  temperature  dependence  of  the  total 


integrated  PL  intensity  (Ipl)  was  also  measured  in  these  samples,  as  shown  in  Figure  5.12.  The 


integrated  intensity  rapidly  decreases  with  increasing  temperature,  in  particular,  for  temperatures 


above  80  K.  A  best  fit  to  the  temperature  dependence  of  the  Ipl  was  obtained  using  the  following 


phenomenological  expression  [112]: 


Ip,  (T)  = - 7°  p  , -  Equation  (5.2) 

PZA  J  l +AexpCEa/KT) 


The  values  of  Iq,  Ea  and  Eb  that  resulted  in  the  best  fit  to  the  experimental  data  in  all  three 


samples  are  also  listed  in  Table  5.1.  The  values  of  Ea  and  Ebin  the  N1  and  N1  620  are 


comparable,  but  are  -45%  smaller  than  those  for  the  double-segmented  sample  N2.  This  implies 


that  there  are  deeper  energy  levels  in  N2  as  compared  to  N1  and  N1  620. 


Figure  5.11.  Varshni  fit  for  the  data  of  sample  N1  620. 
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The  difference  between  the  experimental  values  and  Varshni-predicted  PL  peak  energy, 
as  well  as  the  invariance  of  the  PL  peak  energy  with  temperature  from  1  IK  up  to  80-100  K  and 
the  corresponding  very-low-temperature  variation  of  the  full  width  half  maxima  (FWHM)  (see 
Figure  5.13)  in  this  temperature  range,  can  be  considered  as  a  strong  evidence  for  exciton 
localization.  The  variation  in  the  PL  peak  energy  as  a  function  of  temperature  in  these  NWs  can 
be  quantitatively  explained  as  follows:  At  low  temperatures,  the  excitons  are  localized  either  at 
the  defects  induced  in  the  NWs  by  surface  irregularities  or  impurities  or  at  the  band-tail  states  in 
the  density  of  states  (DOS).  The  latter  is  more  likely  as  the  FWHM  significantly  varies  with 
temperature.  This  has  been  discussed  in  the  later  section. 
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Figure  5. 1 2. Temperature  dependence  of  integrated  intensity. 

As  the  temperature  is  increased  above  the  exciton  localization  energy  identified  as  T(jc|oc, 
the  excitons  become  delocalized  due  to  dissociation  into  electron-hole  pairs.  Above  this,  the 
emission  energy  decreases  as  a  function  of  temperature  due  to  the  band  gap  shrinkage  following 
the  Varshni-like  relation.  The  differences  in  the  PL  peak  energies  observed  at  low  temperature 
(10  K)  and  at  room  temperature  in  all  these  samples  seem  to  be  similar,  -55-60  meV  and,  thus, 
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independent  of  the  GaAsSb  segment  length.  These  values  are  somewhat  smaller  than  76  meV 
reported  by  Chiu  et  al. [113]  in  GaAsSb  quantum  wells  (QWs)  and  81  meV  from  the  bulk  values. 
Thus,  our  data  suggest  that  downsizing  radially  reduces  the  temperature-induced  band  gap 
variation.  The  delocalization  temperature  is  the  lowest  for  the  double-segmented  NW  with  the 
smallest  localization  energy  and  the  effect  of  axial  confinement  results  in  opening  of  the  band 
gap,  blue  shifting  the  PL  peak  energy  in  the  entire  temperature  range. 
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Figure  5.13.  Variation  of  the  full  width  half  maximum  (FWHM)  with  temperature  for  sample 
N1,N1  620  and  N2. 

The  value  of  the  FWHM  of  an  excitonic  transition  in  these  NWs  is  representative  of  the 
quality  of  the  alloy  segments,  as  well  as  the  extent  of  the  interface  roughness [15].  The  FWHM  of 
the  N2  is  the  lowest  in  the  entire  temperature  region,  which  is  an  indication  of  better  optical 
quality  of  these  NWs.  The  observed  variation  of  the  FWHM  with  temperature  in  these  NW 
structures  can  be  qualitatively  explained  as  follows:  At  low  temperatures,  FWHM  reflects  the 
energy  distribution  of  the  exciton  states  in  the  localizing  potentials.  As  the  temperature  is  raised, 
the  excitons  begin  to  become  delocalized.  For  temperatures  above  Tjeioc-  almost  all  the  excitons 
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have  become  delocalized  and  the  exciton  optical  phonon  interaction  becomes  dominant  with  the 
value  of  the  FWHM  increasing  with  temperature [1 14].  As  shown  in  Figure  5.13,  the  variation  in 
FWHM  with  temperature  is  less  and  Tdeioc  is  smaller  in  sample  N2  due  to  the  smaller  range  of 
values  of  the  localization  energies.  In  sample  Nl,  the  FWHM  exhibits  a  small  inverted  S-curve, 
that  is,  a  mild  dip  in  the  FWHM  curve  as  the  temperature  approaches  Tdeioc,  which  is  a  signature 
of  strong  exciton  localization  normally  observed  in  dilute  nitride  system  [115].  The  Tdeioc  is 
considerably  larger  for  this  sample.  The  large  value  of  Tdeioc  is  consistent  with  the  large  E™x 
also  observed  in  this  sample. 

We  have  analyzed  the  variation  of  IpLas  a  function  of  temperature  using  equation  5.2  and 
the  values  for  various  fitting  parameters  for  all  the  three  samples  as  listed  in  the  Table  1.  We  find 
that  the  values  of  Ea  and  Eb  are  comparable  for  the  two  single-segment  wires,  but  are 
considerably  larger  for  the  N2  sample.  For  the  sample  Nl  620,  the  Eb  is  4.5  meV,  which  is  in 
excellent  agreement  with  exciton  binding  energy  in  GaAs.  The  low  activation  energy  (Eb)  and 
the  high  activation  energy  Ea  correspond  to  non-radiative  channels  that  are  responsible  for 
determining  the  quenching  of  PL  intensity  at  temperatures  below  100  K  and  higher  than  100  K, 
respectively.  The  low  values  of  4-10  meV  for  Eb  indicate  that  the  weak  excitons  are  bound  to 
shallow  defects.  Higher  Ea  at  77  meV  has  been  observed  in  GaAs  NWs  grown  by  Au-assisted 
catalyst  and  has  generally  been  assigned  to  a  deep  center  associated  with  Au-induced 
defects [55],  which  cannot  be  the  case  in  our  NWs  since  our  NWs  are  Ga  catalyzed.  Such  a  deep 
center  has  been  observed  in  CdS  NWs[l  16]  .  The  observation  of  such  a  deep  exciton  suggests 
the  presence  of  the  defect  complexes  in  these  NWs. 

The  room  temperature  PL  is  realized  for  the  samples  grown  at  600°C  and  also,  the  low- 
temperature  PL  peak  intensity  was  considerably  higher;  particularly,  the  N2  exhibited  the  highest 
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PL  peak  intensity  almost  threefold  higher  than  the  next  largest  PL  intensity  observed  in  N 1. 
Sample  N1  620  had  the  lowest  PL  intensity.  The  lowest  FWHM  and  smallest  variation  in  the 
FWHM  observed  for  the  double- segmented  wire  is  consistent  with  the  better  quality  of  this  NW. 
Conversely,  N 1  620  showed  significant  variation  in  FWHM  with  temperature  and  is 
characterized  by  low  PL  peak  intensity. 

The  foregoing  discussion  of  the  behaviors  of  the  PL  peak  energy,  excitonic  line-width 
and  integrated  PL  intensity  as  a  function  of  temperature  in  our  samples  suggests  that  among  the 
three  NWs  investigated,  the  double- segmented  GaAsSb  NW  is  the  better  quality  NW  with 
reduced  defect  density  of  localized  states  and  of  non-radiative  recombination  centers.  The 
temperature  dependence  of  the  PL  can  be  well  described  by  a  Varshni-like  relation  for 
temperatures  above  100-150  K.  The  low-temperature  behavior  appears  to  be  dominated  by 
excitons  bound  to  shallow  defects  and  two  non-radiative  channels  were  found,  one  weakly  bound 
exciton  related  and  the  other  related  to  a  deep  center,  which  appears  to  be  influenced  by  the  NW 
structure. 

5.7  Raman  Spectroscopy 

Raman  spectra  were  taken  at  different  locations  and  representative  Raman  spectra  are 
shown  in  Figure  5.13  and  summarized  in  Table  5.  2  for  the  NWs  N1  and  N2  and  a  reference 
GaAsSb  thin  film  grown  on  a  (001)  GaAs  substrate.  For  the  reference  sample,  one  should  note 
that  the  GaAs-like  longitudinal  optical  (LO)  and  transverse  optical  (TO)  modes  occur  at  279  and 
255  cm  \  respectively  and  the  intensity  of  the  LO  mode  is  greater  than  that  of  the  TO  mode. 

This  is  not  unexpected  since  the  TO  mode  is  forbidden  for  the  (100)  surface.  Its  presence  is  most 
likely  associated  with  relaxation  of  the  selection  rules  due  to  the  presence  of  defects.  Very  weak 
GaSb-like  TO  and  LO  modes  are  also  observed  at  227  and  240  cm  1  in  this  reference  sample. 
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Table  5.2 

Raman  mode  data  for  Nl,  N2  and  the  reference  GaAsSb  epdayer  grown  on  GaAs 


GaAs TO 

GaAs  LO 

GaSb  TO 

GaSb  LO 

GaAs TO/ 

GaSb TO/ 

Sample 

(cm-') 

(cm-1) 

(cm-1) 

(cm-') 

LO 

LO 

Nl 

266 

289 

222 

235 

2.2 

0.8 

N2 

266 

289 

223 

237 

1.6 

0.73 

Reference 

255 

279 

227 

240 

0.73 

0.94 

where,  T0=  Transverse  mode,  LO=Longitudinal  mode 


In  the  NW  samples,  the  spectra  exhibit  GaAs-like  TO  and  LO  phonon  modes  at  266  and 
at  289  cm  respectively,  which  are  in  good  agreement  with  the  corresponding  bulk  GaAs 
values.  Compared  to  the  reference  epitaxial  film,  however,  the  GaAs-like  TO  and  LO  modes  in 
the  NWs  are  shifted  upward  by  10-11  cm  ,  which  are  opposite  to  the  downshift  in  energy 
reported  [117]  in  GaAs  NWs.  The  FWHM  of  the  GaAs-like  TO  and  LO  modes  in  NWs  Nl  and 
N2  are  8/8  cm  Wd  8/11.1  cm  \  respectively. 


Wavenumber  (cm*1) 


Figure  5.14.  Raman  spectra  depicting  the  GaAs  and  GaSb  like  modes  of  NWs  Nl  and  N2 
compared  to  the  epitaxial  GaAsSb  epitaxial  film  reference. 


80 


These  values  and  the  peak  positions  indicate  good  optical  quality  of  the  NWs.  In  addition, 
the  GaSb-like  TO  and  LO  phonon  modes  were  also  observed  at  222  and  237  cm  l,  respectively, 
in  reasonable  agreement  with  the  corresponding  bulk  values  for  GaSb.  Note  that  the  GaSb-like 
modes  are  downshifted  in  energy  3-5  cnT1  compared  to  the  reference  sample.  The  GaSb  peak 
intensity  scales  to  the  anticipated  thickness  of  the  GaAsSb  layers  in  the  NWs.  The  high-intensity 
ratio  of  TO  to  LO  phonon  modes  of  GaAs  has  been  commonly  observed  in  GaAs  NWs,  being  the 
highest  for  N1  and  is  attributed  [101]  to  the  LO  mode  being  forbidden  from  certain  surface  facets 
as  opposed  to  no  such  restrictions  imposed  on  the  TO  phonon  modes.  A  relatively  low  TO/LO 
GaAs  phonon  peak  ratio  as  well  as  a  lower  FWHM  of  these  two  in  NW  N2  is  also  indicative  of 
better  quality  layers  consistent  with  the  PL  data  discussed  earlier. 

5.8  Conclusions 

Segments  of  GaAsSb  NWs  on  GaAs  stem  have  been  successfully  grown  by  MBE, 
using  a  Ga-catalyzed  VLS  technique.  The  two-segmented  GaAsSb  NWs  were  found  to  be  of 
excellent  optical  and  structural  quality  as  attested  by  low  FWHM  and  their  temperature  variation 
in  the  corresponding  PL  spectra,  as  well  as  low  TO/LO  ratio  was  observed  for  both  GaAs  and 
GaSb  LO  peaks.  TEM  of  these  NWs  revealed  both  GaAs  and  GaAsSb  to  be  of  ZB  phase  for  the 
wire  terminating  without  any  Ga  droplet.  The  stacking  faults  and  twins  were  found  to  be  present 


in  all  the  NWs. 
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CHAPTER  6 

Optimization  of  GaAs  NWs  on  a  Non-etched  Si  Substrate 

6.1  Introduction 

For  increasing  the  overall  emission  efficiency  of  nanowire  devices,  it  is  important  to  use 
the  entire  surface  available  on  the  device.  In  order  to  get  maximum  output,  there  is  ongoing 
research  to  get  100  %  thin  vertical  NWs.  Using  techniques  namely,  e-beam  lithography  [118] 
and  patterning  of  the  substrates  [119],  various  groups  have  achieved  ~  100  %  vertical  NWs.  But 
these  methods  involve  high  cost  and  were  out  of  the  scope  for  this  current  research.  Although 
self-catalyzed  GaAs  NWs  with  GaAsSb  inserts  were  grown  successfully,  further  optimization  of 
the  growth  conditions  needs  to  be  addressed  to  achieve  a  high  yield  in  the  density  of  the  NWs 
with  high  %  of  vertical  NWs. 

All  the  GaAs/GaAsSb  NWs  examined  in  this  section  were  grown  on  non-etched  Si  (1 1 1) 
substrate  as  in  the  previous  chapter  and  the  focus  is  on  determination  of  interplay  of  growth 
conditions,  namely,  V/III  ratio,  initial  Ga  opening  duration  (  “Ga  opening”  refers  to  the  duration 
of  opening  of  the  Ga  shutter  of  the  SUMO  cell),  fluxes  of  adatoms  and  growth  temperature  on 
the  NW  density  and  verticality  of  the  NWs.  Effects  of  different  species  of  As  namely,  Asi  and 
AS4  were  also  the  subject  of  investigation. 

6.2  Experimental  Details 

Two  growth  temperatures  of  600°C  and  620°C  were  chosen  for  investigation  based  on  the 
literature  review  [120]  for  a  V/III  ratio  varying  from  6  to  20  and  for  three  Ga  shutter  opening 
times  of  0,4  and  15  sec  prior  to  the  growth.  Along  with  this,  the  As  species  was  also  changed 
from  Asi  to  AS4. These  variations  are  listed  out  in  Table  6.1  along  with  their  density  and  the 
overall  %  of  bent  NWs.  All  these  samples  were  grown  on  epiready  intrinsic  Si  (111)  wafers.  For 
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the  initial  growths,  these  substrates  were  rotated  with  a  rpm  of  30.  For  later  growths  it  was 
optimized  at  7  rpm. 

Table  6.1 

Shows  the  list  of  samples  grown  during  the  optimization  process 


Sample  number 

Growth 

Temperature 

v/m 

Ga 

shutter 

opening 

Anneal 

time 

Anneal 

temp 

rpm 

As 

type 

Density 
(xlO  s  cm2) 

BentYVertical 
(10x10  nm‘) 

%  Bent 
over  all 

GaAs  NWs  with  initial  growth  condition 

092112C 

620 

6 

s 

5 

620 

30 

0 

0.04 

20  81 

19 

1024 12A 

620 

6 

8 

5 

620 

30 

2 

0.5 

17 ,83 

17 

GaAs  NWs  with  optimized  growth  condition 

011014C 

600 

6 

4 

10 

600 

30 

2 

0.034 

4\28 

12.5 

011514A 

600 

10 

0 

10 

600 

30 

2 

3.59 

0\1 52 

0 

0121 14A 

600 

10.9 

0 

5 

600 

30 

2 

4.55 

0193 

0 

0207 14A 

620 

15 

4 

5 

620 

30 

4 

1.04 

3  7 ',88 

29 

030514B 

620 

17 

15 

5 

620 

7 

4 

1.5 

41\122 

25 

031214B 

620 

15 

15 

20 

620 

7 

4 

2.06 

75' 143 

34 

032414C 

620 

20 

15 

20 

620 

7 

4 

3.16 

91244 

27 

6.3  Optimization  Process 

Figures  6.1(a)  and  (b)  show  the  45°  tilted  side  view  of  the  GaAs  NWs  on  Si  substrate 
with  AS4  as  the  flux  constituent  for  two  V/III  ratios  of  6  and  15.  The  NWs  grown  at  620°C  are 
generally  a  combination  of  both  vertical  and  bent.  The  vertical  NWs  are  uniform  in  diameter  and 
cylindrical  in  shape  whereas  the  bent  NWs  are  conical  with  tapering  towards  the  top  of  the  NWs. 
It  was  observed  that  at  constant  "Ga  opening",  if  there  is  an  increase  in  V/III  ratio,  density 
increases  till  it  reaches  0%  bent  wires.  As  per  Figure  6.2,  when  the  V/III  ratio  increases  from  6  to 
15,  the  density  increases  from  2.06  xlO6  cm  2  to  9  xlO7  cm2. 
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Figure  6.1.  Cross  section  SEM  images  of  GaAs  NWs  on  Si  (111)  substrate  with  a  change  in 
V/IH  ratio  with  (a)  6  (b)  15. 


After  a  number  of  iterations  performed  which  is  summarized  in  the  Table  6.1,  there  were 
certain  growth  conditions  obtained  that  produced  NWs  which  were  more  vertical  and  with  a 
density  >  10  cm'".  Different  factors  that  were  varied  in  this  process  were:  growth  temperature, 
V/III  ratio  of  the  growth  species,  Ga  shutter  opening,  annealing  time  of  the  substrate,  the 
substrate  rotation  per  minute  (rpm),  and  the  As  species  in  particular. 
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Figure  6.2.  Variation  in  the  Ga  opening  vs  V/III  ratio  (Green  and  brown  color  corresponds  to 
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AS2  and  AS4  respectively).  This  plot  also  depicts  a  variation  of  NW  density  (values  in  blue)  with 
change  in  the  %  of  bent  NWs. 

Comparing  the  samples  from  Table  6.1,  the  samples  grown  at  600°C  with  Aso  as  group  V 
element,  generally  exhibited  a  highest  percentage  of  vertical  NWs  as  compared  to  the  ones 
grown  at  620°C  with  AS4.  It  was  also  noticed  that  at  constant  V/III  ratio,  if  there  is  an  increase  in 
"Ga  opening",  the  %  bent  wires  increases  (Figure  6.2).  This  is  also  correlated  with  the  density  of 
the  NWs.  For  a  constant  Ga  opening  duration  and  growth  temperature  (in  this  case  at  620°C),  the 
NW  density  increases  with  increase  in  V/III  ratio  A  high  V/III  ratio  means  large  supply  of  As 
adatoms  leading  to  high  supersaturation  resulting  in  growth  of  large  number  of  NWs.  Apart  from 
higher  density,  the  vertical  nature  of  the  wires  is  also  necessary  for  a  device  with  higher 
efficiency.  The  red  dotted  lines  in  Figure  6.2  shows  the  extrapolation  for  the  occurrence  of  0% 
bent  NWs  with  variation  in  Ga  opening  and  V/III  ratio.  For  a  given  V/III  ratio  there  is  a 
threshold  Ga  opening  which  corresponds  to  all  vertical  NWs  and  above  which  the  %  of  bent 
wires  starts  increasing.  At  higher  Ga  opening,  the  occurrence  of  all  vertical  NWs  is  restricted  by 
the  pores  in  the  native  oxide  layer  on  Si  (1 1 1)  substrate.  NWs  will  grow  in  [111]  direction  only 
when  the  NW  bottom  is  epitaxially  in  contact  with  Si  (1 1 1)  substrate.  When  the  initial  Ga  droplet 
size  is  smaller  than  the  pore  size,  Ga  will  be  in  directly  contact  with  Si  (1 1 1)  through  pores 
leading  to  NW  growth  in  [111]  direction.  Conversely,  when  the  Ga  droplet  is  bigger  than  the 
pore  size,  Ga  may  not  be  in  direct  contact  due  to  native  oxide  which  leads  to  NW  growth  in  multi 
directions.  At  a  particular  Ga  opening,  the  percent  of  vertical  NWs  increases  with  increasing 
V/III  ratio.  It  is  also  observed  that,  the  density  of  the  NWs  increased  with  increasing  V/III  ratio 
until  it  reaches  a  minimum  percent  of  bent  wires  at  that  particular  Ga  opening.  Switching  from 
As2  to  AS4  results  in  better  uniformity  in  addition  to  slight  increase  in  the  axial  growth  rate  (5.3 
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nm/sec  to  6.2  nm/sec).  Based  on  these  experimental  data,  the  conditions  for  almost  0%  bent  NWs 
were  predicted  as  shown  in  the  Figure  6.2  above.  With  a  Ga  opening  of  15  sec  and  V/III  ratio  of 
16,  the  result  was  optimum  with  highly  vertical  NWs  and  a  density  of  2x10  cm'- . 

6.3.1  Effect  of  annealing.  The  samples  were  annealed  at  3  different  durations  of  5,  10 
and  20  minutes  at  620°C  just  before  Ga  opening  on  the  substrate.  Keeping  the  same  growth 
conditions,  it  was  found  that  when  the  annealing  time  is  increased,  there  is  an  increase  in  the 
densities  of  the  NWs  (as  shown  in  Figure  6.3).  So,  for  an  annealing  time  of  20  minutes,  a  Ga 
opening  of  15  sec  and  a  V/III  ratio  of  20,  the  density  was  5.9  xlO  cm'-.  Although  a  higher 
density  of  NWs  was  achieved  for  longer  annealing  duration,  the  density  is  highly  dependent 
upon  the  Ga  droplets  and  the  nano  pores  formed. 


Figure  6.3.  Plot  of  samples  with  different  annealing  time  vs  Ga  opening  and  densities. 
With  increased  annealing  time,  the  amount  of  Ga  opening  along  with  V/III  ratio  should 
be  increased.  Annealing  allows  the  formation  of  nano  pores  from  the  thin  naturally  occurring 
SKV  layer.  When  this  surface  is  exposed  to  the  Ga  droplet,  based  on  the  surface  energy  of  the 
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substrate,  the  droplet  forms  nuclei  at  certain  angle  which  generally  guides  the  direction  of  these 
NWs.  As  there  is  more  Ga  accommodated,  higher  the  density  of  the  nucleus  resulting  in  more 
number  of  NWs.  Figure  6.4  below  shows  a  comparison  of  the  change  in  the  %  bent  NWs  with 
density,  Ga  opening  and  annealing  time  and  is  a  graphical  representation  of  Table  6.1. 


Figure  6.4.  Graph  depicting  the  increase  in  the  %  of  bent  NWs  with  the  change  in  the  annealing 
time,  Ga  opening  and  density  of  the  NWs. 

6.3.2  Comparison  between  AS2  and  AS4.  Comparing  samples,  020414A  and  0207 14A, 
we  can  see  that  there  is  increase  in  the  density  from  AS2  to  As4.There  is  increase  in  NWs  length 
for  sample  from  AS2  to  AS4  (1.5  to  2.9  pm)  indicating  the  growth  rate  is  higher  for  AS4.  AS4  leads 
to  growth  rate  twice  as  fast  than  when  AS2  is  used  indicating  that  the  diffusion  length  of  Ga  is 
smaller  for  AS2  than  AS4  which  is  consistent  with  the  literature  [121,  122],  The  %  of  bent  NWs 
found  in  AS4  was  found  to  be  more  as  compared  to  AS2  as  can  be  seen  from  the  graph.  The 
plausible  reason  could  be  AS4  has  lower  chemical  potential  in  gaseous  phase.  This  will  in  turn 
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promote  the  increase  in  the  radius  of  the  Ga  droplet.  Larger  the  radius,  tendency  of  the  nuclei  to 
incline  to  one  direction  increases,  which  in  turn  produce  more  of  bent  NWs  for  AS4  species. 
Considering  the  shape  of  the  NWs,  the  NWs  are  more  cylindrical  and  uniform  in  shape  for 
whereas  it  is  found  to  be  conical  in  shape  for  Aso.  The  cylindrical  NWs  in  case  of  AS4  could 
again  be  attributed  to  the  longer  diffusion  length  of  Ga  that  results  in  a  uniform  diameter  NW. 

6.4  Conclusion 

In  conclusion,  optimized  conditions  for  achieving  high  density  and  highly  vertical  GaAs 
NWs  are  demonstrated.  It  was  observed  that  for  at  constant  "Ga  opening",  with  an  increase  in 
V/III  ratio,  density  increases  to  maximum  vertical  wires.  This  could  be  due  to  the  non-epitaxial 
contact  of  NWs  with  Si  (1 1 1).  At  constant  V/III  ratio,  when  there  is  an  increase  in  "Ga  opening", 
the  %  bent  wires  increases.  Since  the  epitaxial  contact  between  NWs  and  Si  (1 1 1)  is  prevented 
by  the  native  oxide  layer  on  Si  (1 1 1),  we  attempted  to  prepare  the  substrate  by  making  the  native 
oxide  layer  sufficiently  thin  so  that  Ga  can  come  in  contact  with  Si  (1 1 1)  through  the  pores 
leading  to  vertical  NWs.  So,  with  an  optimum  nanopore  size,  the  Ga  opening  should  be  fixed.  In 
such  a  condition  the  V/III  ratio  should  be  increased  steadily  till  the  optimum  result  is  achieved. 
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CHAPTER  7 

Optimization  Process  on  Etched  Si  Substrates 

7.1  Introduction 

Over  the  past  few  years,  extensive  work  has  been  done  on  the  self-catalyzed  growth  of 
NWs  [30]  [21,  42].  This  type  of  growth  has  been  associated  with  the  existence  of  plane  or 
patterned  SiCF  surface  whose  thickness  plays  an  important  role  in  the  NW  growth.  When  a  pure 
Si  surface  is  exposed  to  the  ambient  atmosphere,  a  thin  layer  of  Si02  forms  on  its  surface  based 
on  the  type  of  dopant[123].  There  is  considerable  strain  developed  when  an  oxygen  atom  tries  to 
accommodate  between  the  Si-Si  bonds  changing  the  bond  length  of  Si-Si  from  2.3  A  to  Si-O-Si 
group  of  3.0  A  [123].  Incorporation  of  oxygen  on  the  silicon  substrate  involves  displacement  of 
silicon  atoms  from  their  sites.  Oxidation  process  is  further  enhanced  if  the  surface  is  rough  where 
the  oxygen  has  more  chances  of  forming  siloxane  (Si-O-Si).  Based  on  the  substrate  orientation 
too,  the  surface  roughness  varies.  For  example,  after  a  wet  chemical  treatment  the  Si  (1 1 1)  has 
more  surface  roughness  as  compared  to  Si(100)  due  to  higher  density  of  interface  energy  states 
in  Si(  1 00)[  124] . 

In  this  chapter,  lxl  cm  square  Si  (1 1 1)  substrates  were  etched  using  piranha  solution  + 
diluted  HF  and  were  allowed  for  an  ambient  air  oxidation.  NWs  samples  were  grown  on  samples 
of  different  thickness.  Atomic  force  microscopy  was  performed  for  measurement  of  the 
roughness  of  the  SiC>2  layer  formed  during  the  oxidation  process.  Scanning  electron  microscopy 
measurement  with  a  cross  section  view  of  the  sample  showed  the  density  and  morphological 


characteristics  of  the  NWs. 
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7.2  Experimental  Details 

The  etching  process  was  performed  on  both  intrinsic  and  p  type  Si  (1 1 1)  substrate. 
Initially  it  was  done  on  intrinsic  Si  (1 1 1)  substrates  which  were  chemically  etched  by  treating 
with  the  piranha  solution  for  10  minutes  and  then  dipped  in  diluted  HF  solution.  The  native  oxide 
thickness  was  reduced  by  dipping  it  in  HF  for  2  s,  10s,  20s,  and  40  s.  This  was  followed  by 
oxidation  in  ambient  atmosphere  at  room  temperature.  The  oxidation  process  was  varied  from  2 
hours  to  2  days  to  produce  desired  SiCF  thickness.  Once  the  substrates  were  ready,  they  were 
baked  at  200°C  for  8  hours  in  the  introduction  chamber  of  the  MBE  system  and  the  NWs  were 
grown  for  1  hour.  AS4  was  used  as  group  V  species  during  these  growths.  The  V/III  ratio  used 
was  20,  with  an  initial  Ga  opening  of  15s  at  a  growth  temperature  of  620°C.  The  substrate  was  in 
a  stationery  position  where  it  was  annealed  for  5  minutes.  The  growth  temperature  for  Ga- 
assisted  growth  was  chosen  as  620°C.  The  As/Ga  flux  ratio  was  kept  constant  for  all  the  samples 
at  an  AS4  beam  equivalent  pressure  (BEP)  of  2.5  x  10  6  Torr.  The  samples  were  grown  at  620°C 
with  a  V/III  ratio  of  20.  The  structural  and  optical  characteristics  were  performed  using  scanning 
electron  microscopy  (SEM)  images  from  a  Zeiss  EVO  10  and  the  photo  luminescence  using  the 
PL  setup  as  explained  in  Chapter  3. 
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HF:  Hydrofluoric  acid 
IPA:  Isopropyl  alcohol 


Figure  7.1.  Schematic  diagram  of  the  etching  process  performed  on  the  intrinsic  Si  (1 1 1) 
substrate. 

For  the  p-type  Si  (1 1 1)  substrates  were  treated  with  the  piranha  solution  and  then  dipped 
in  HF  (for  a  duration  varying  from  2s  to  30s).  This  was  followed  by  the  oxidation  in  ambient 
atmosphere.  The  oxidation  process  was  varied  from  2  days  to  3.5  hours  to  produce  desired  SiCF 
thickness  as  shown  in  the  Figure  7.2  below.  Once  the  substrates  were  ready,  they  were  baked  in 
the  introduction  chamber  of  the  MBE  system  and  the  NWs  were  grown  for  1  hour.  The  V/III 
ratio  used  was  20,  with  an  initial  Ga  opening  of  15s  at  a  growth  temperature  of  620°C.  The 
substrate  was  in  stationery  position  where  it  was  annealed  for  5  minutes.  The  NWs  obtained  were 


characterized  with  the  same  instruments  as  mentioned  above. 
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Figure  7.2.  Schematic  diagram  of  the  etching  process  performed  on  the  p-  type  Si  (1 1 1) 
substrate. 

7.3  Optimization  Process  on  Etched  Si  (111)  Substrates 

Figure  7.3  shows  the  top  view  of  the  NWs  with  intrinsic  type  Si  substrates  prepared  with 
2  hours  of  oxidation  after  etching.  It  shows  a  clear  variation  in  the  orientation  of  the  NWs  with 
the  change  in  the  oxide  thickness.  For  10s  HF  dip  followed  by  2  hours  of  oxidation,  there  were 
circular  patches  of  NWs,  showing  the  right  amount  of  SiCT  layer  that  was  formed  after  etching  as 
circular  patches.  These  patches  had  more  than  90  %  vertical  NWs  and  a  density  ~  2x10  cm'  . 
Figure  7.3  (b)  and  (c)  shows  one  of  those  circular  patches  with  closer  view.  Under  2  days  of 
oxidation,  the  NWs  were  formed  throughout  the  sample  instead  of  the  circular  patches.  This 
could  be  due  to  formation  of  the  required  oxide  layer.  Comparing  both  the  intrinsic  and  p  type 
substrate,  there  was  difference  in  the  oxidation  time  for  the  formation  of  SiCF  layer.  The 
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densities  of  the  NWs  obtained  were  same  on  both  which  could  be  due  to  the  formation  of  right 
amount  of  SiC>2  layer.  For  future  analysis,  p  type  Si  substrate  was  preferred  due  to  its 
applicability  in  device  making. 


Figure  7.3.  (a)  SEM  image  of  circular  patched  GaAs/GaAsSb/GaAs  NWs  with  >  90  %  vertical 
orientation. 

The  AFM  results  as  shown  in  Figure  7.4  coincide  with  the  expected  rough  surfaces  which 
were  predominantly  the  Si02  patches  on  the  Si  substrate.  The  NWs  obtained  were  broader  at  the 
bottom  and  had  an  inclination  of  83.8°  from  the  base.  Its  diameter  was  on  average  127  nm  with  a 
length  of  ~2.5um.  Hexagonal  facets  were  clearly  noticed  for  the  NWs  grown  on  these  substrates. 
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10s  HF+2  days  oxidation 


Figure  7.4.  AFM  image  on  the  optimized  substrate  showing  the  formation  of  S i 0 2  and  the 
corresponding  top  view  SEM  of  the  nano  wires. 

Raider  et  al.  [125]  reported  that  the  native  oxide  thickness  on  Si  (1 1 1)  is  ~16±2  A.  By 
keeping  the  piranha  solution  etch  time  constant,  we  have  varied  the  HF  (1%)  etch  time  to  alter 
the  native  oxide  thickness.  The  etch  rate  of  1%  HF  after  piranha  treatment  measured  by 
ellipsometer  on  a  thick  oxide  layer  is  0.44  A/s.  The  resultant  native  oxide  thickness  after  piranha 
+  20  s  HF  (1%)  chemical  treatment  on  Si  (1 1 1)  is  ~7.1±2  A.  Now  we  have  allowed  a  fresh  native 
oxide  to  grow  through  oxidation  at  room  temperature.  Raider  et  al.  [125]  reported  that  the  growth 
rate  of  native  oxide  at  room  temperature  on  Si  (1 1 1)  is  2-3  A/hr  for  the  first  one  hour  and  slows 
down  to  0.03  A/hr  thereafter.  Growths  were  performed  on  substrates  with  different  oxidation 
timings  ranging  from  1  hr  -  48  hrs.  Figure  7.5  below  shows  the  atomic  force  microscopy  (AFM) 
results  of  the  substrates.  Substrate  samples  with  an  oxidation  timing  of  3.3hr,  24  hr  and  48  hr 
were  analyzed.  The  roughnesses  of  the  substrates  for  these  conditions  were  2.57  nm,  3.13nm  and 
0.22  nm,  respectively. 
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HF20  sec+  HF20sec+  HF20sec  + 

2  days  oxidation  lOhrs  oxidation  3.3hrs  oxidation 


Figure  7.5.  AFM  image  of  Si  (111)  substrate  with  different  oxidation  timings. 

Figure  7.6  depicts  the  decrease  in  the  percentage  of  bent  wires  with  decrease  in  the 
oxidation  time  and  also  shows  increase  in  the  density  of  NWs  from  2x10  /cm"  to  8x10  /cm  .  The 
optimum  condition  for  -90%  vertical  NWs  was  found  to  be  3.5  hrs  oxidation  i.e.  ~9.1  ±2  A 
oxide  layer  is  optimum  for  highly  dense  and  vertical  NWs  as  shown  in  Figure  7.6(c).  The 
roughness  of  oxide  layer  leads  to  formation  of  nano-faceted  Ga/Si  interface  which  results  in  NW 
growth  in  several  alternative  directions.  Miccoli  et  al.[  126]  reported  that  each  nano  facet  is 
parallel  to  {nil}  planes  of  Si  for  Au/Si  interface. 


HF  20  sec  + 

2  days  oxidation 


HF  20  sec  + 
lOhrs  oxidation 


HF  20  sec  + 
3.3hrs  oxidation 


Figure  7.6.  SEM  images  show  the  top  view  of  the  NWs  grown  on  Si  (1 1 1)  with  different 
oxidation  timings  from  (a)  48  hrs  (b)  10  hrs  and  (c)  3.3  hrs. 


7.4  Comparison  of  the  GaAs/GaAsSb/GaAs  NWs  on  both  Etched  and  Non-etched 
substrates 

The  initial  growth  conditions  used  to  grow  the  NWs  were  on  epi-ready  non  etched  Si 
(111)  substrate.  These  samples  are  identified  as  NE1.  The  substrates  were  blown  with  dry 
nitrogen  gas  and  were  annealed  in  the  introduction  chamber  at  200°C  for  8  hours.  Then  the 
growth  was  performed  which  has  been  described  in  the  previous  chapters.  In  case  of  etched 
substrates,  the  lxl  cm  square  Si  substrates  were  chemically  treated  with  piranha  solution  for  10 
minutes  followed  by  dip  in  diluted  HF.  The  substrates  are  allowed  for  dry  oxidization  and  based 
on  the  number  of  exposure  hours  there  is  9.1  +  2  A  oxide  layer.  Due  to  the  oxide  layer  formed 
there  is  a  variation  of  the  density  of  the  NWs  and  also  on  the  verticality  of  the  NWs.  Naming  this 
sample  as  El,  we  compare  their  properties  subsequently. 
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Figure  7.7  shows  the  variation  in  the  orientation  and  density  of  the  NWs  on  non-etched 
and  etched  substrate.  The  NWs  grown  on  non-etched  substrate  has  a  total  length  of  5.1  pm  in 
which  the  GaAs  stem  was  ~1.3  urn  with  the  GaAsSb  insert  of  3.5  jam  and  typical  diameter  of  the 
NWs  was  150-180  mn.  Almost  70%  of  the  NWs  were  found  to  be  vertical  with  a  density  of 
3x10  /cm".  The  NWs  grown  on  etched  substrate  were  slightly  arced  and  has  hexagonal  facets 
and  the  diameter  of  the  NWs  was  123-130  mn  with  a  higher  density  of  >  10  /cm".  The  change  in 
the  diameter  of  the  NWs  might  be  due  to  the  changes  in  the  growth  parameters  which  were 
optimized  for  high  density  of  NWs. 

Other  than  the  SiCF  layer,  there  are  other  factors  affecting  the  structure  of  the  NWs.  NWs 
exhibit  salient  differences  in  the  shape  and  growth  rate,  depending  on  the  nature  of  the  As  flux 
used.  Use  of  Ast  flux  resulted  in  NWs  with  larger  diameter  -200  mn  at  the  bottom  of  the  NW 
compared  to  120  mn  for  those  grown  under  AS4.  Secondly,  NWs  were  broader  at  the  base  and 
gradually  tapered  to  the  top  while  the  use  of  AS4  source  resulted  in  NWs  of  uniform  diameter. 
This  type  of  morphological  change  indicates  a  sufficiently  large  lateral  growth  on  the  sidewalls. 
Now  based  on  the  ratio  of  the  adatom  diffusion  length  to  that  of  the  NW  length,  there  is 
possibility  of  nucleation  along  the  NW  sidewall  [127].  Finally,  axial  growth  rate  was  found  to  be 
lower  (2.83  nm/s)  with  As2  when  compared  to  the  growth  rate  of  3  nm/s  with  AS4  flux.  These 
differences  are  indicative  of  the  effect  of  As  species  on  the  diffusion  length  of  Ga,  which  is 
reported  [127]  to  be  reduced  by  half  under  Asi  species  than  AS4.  Hence,  the  use  of  As2  species 
results  in  lower  axial  growth  rate  and  tapered  NWs  due  to  the  inability  of  the  Ga  to  diffuse  to  the 
top  with  increase  in  the  length  of  the  NWs  and  also  leading  to  higher  radial  growth  rate. 

In  order  to  estimate  the  lifetime  of  carriers,  it  is  important  to  understand  the  nature  of  the 
defects  and  the  possibilities  of  non-radiative  recombination  centers.  Figure  7.8  below  depicts  4K 
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photoluminescence  (PL)  spectra  of  the  NWs.  The  temperature  dependence  PL  peak  fit  was 
performed  using  the  Varshni  relation.  In  our  recent  report  on  GaAsSb  NWs,  extensive  work  was 
done  on  temperature  dependence  of  the  PL  of  these  NWs[95].  In  case  of  excitons,  as  the 
temperature  increases,  they  get  sufficient  thermal  energy  and  overcome  the  nearby  energy  states 
with  localization  energy.  These  excitons  generally  recombine  with  low  energy  which  we  term  as 
Ea.  In  our  case,  this  phenomenon  happens  from  4K  till  65K,  where  the  Ea  varies  from  4.5 1  to 
4.85  meV.  This  emission  could  be  due  to  the  occurrence  of  the  surface  defects  along  the  NW 
structure  or  at  the  band  tail  states  in  the  density  of  states.  The  latter  is  more  likely  due  to  the 
following  reasons.  Firstly,  due  to  significant  variation  in  FWHM  of  the  PL  signal  from  38  meV 
at  4K  to  1 16  meV  at  room  temperature,  secondly  the  surface  defects  are  expected  to  be 
comparatively  fewer  in  ( 1 1 1)  oriented  NWs  and  thirdly  the  surface  defects  are  reported  to  be 
pinned  about  0.25  eV  below  the  conduction  band.  The  second  activation  energy,  Eb  (Figure 
7.8(b))  seems  to  vary  considerably  between  the  NWs  NE1  (non-  etched  substrate)  and  El  (etched 
substrate)  from  51.4  meV  to  1.3  meV  respectively.  NE1  NWs  seems  to  produce  a  much  deeper 
level  and  El  NWs  on  the  other  hand  displays  an  extremely  shallow  level.  Hence,  the  lower  PL 
intensity  obtained  in  El  is  speculated  to  be  caused  by  the  presence  of  this  shallow  level.  As  the 
temperature  increases,  the  excitons  gain  more  energy  and  become  further  delocalized  and  follow 


the  Varshni  relation. 
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Figure  7.8.( a)  Low  temperature  photoluminescence  spectra  of  the  single  segmented  GaAsSb 


NWs.  Here  NE1  (non-etched)  indicates  the  NWs  with  single  segment  and  El  (etched),  the  NWs 


with  single  segment  with  high  densities,  (b)  Plot  for  calculating  the  activation  energies  for  both 


single  segmented  NWs. 


Figure  7.9  shows  the  Raman  spectra  of  sample  NE1  (non-  etched  substrate)  and  El 
(etched  substrate)  depicting  the  GaAs  and  GaSb  like  TO  and  LO  modes.  Both  the  spectra  exhibit 
the  GaAs  like  TO  and  LO  modes  at  266  and  289  cm'1,  respectively.  In  case  of  El,  there  is  shift 
towards  the  lower  wavenumber  from  290  cm'1  to  283.4  cm'1  for  the  GaAs  like  LO  mode.  This 
could  be  due  to  the  small  size  of  the  E 1  nanowires  that  define  the  Raman  correlation  length  or 
due  to  any  coaxial  strain  developed  in  the  nano  wires  [90].  This  can  be  correlated  with  strain 
developed  in  the  arcing  of  the  nanowires  as  found  in  the  SEM  micrographs. 
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Figure  7.9.  Raman  spectra  depicting  the  LO  and  TO  modes  of  GaAs  and  GaSb. 

The  FWHM  of  the  GaAs  like  TO  and  LO  mode  for  NE1  is  8/Scm"1 .  The  low  FWHM 
shows  the  good  quality  of  the  NWs.  Also  the  lower  TO/LO  intensity  ratio  of  NE1  as  compared  to 
El,  indicates  better  quality  of  NWs.  For  the  El,  the  FWHM  for  the  GaAs  like  TO  and  the  shifted 
LO  mode  are  8.7  and  20.7  cm'1,  respectively.  The  broadening  of  the  FWHM  of  the  LO  mode 
clearly  shows  the  strain  present  in  the  El  sample  which  is  consistent  with  the  SEM  results  and 
the  occurrence  of  the  twin  planes  as  confirmed  by  TEM  analysis.  It  has  been  shown  that  there  are 
possibilities  of  SO  mode  which  would  be  arising  from  the  hexagonal  cross  section  of  the 
GaAsSb  NW.  But  in  our  case,  due  to  the  higher  diameter  and  occurrence  of  the  peak  at  283.4 
cm'1,  this  possibility  can  be  neglected.  Based  on  the  analysis,  the  El  NWs,  having  a  4.5  at.  %  Sb 
composition  in  its  insert  accommodates  strain  and  defects,  though  there  is  considerable 
improvement  in  its  density  and  alignment  of  the  NWs.  Another  reason  for  the  low  quality  of  the 
El  NWs  could  be  the  stationary  position  of  the  substrates  during  the  growth.  Further 
investigation  is  needed  for  reduction  of  this  strain  and  better  incorporation  of  Sb  into  the  NWs. 
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7.5  Conclusion 

In  conclusion,  Ga  assisted  GaAs  NWs  with  GaAsSb  segments  were  grown  on  both  etched 
and  non-etched  epiready  Si  substrate.  The  NWs  grown  on  etched  substrates  with  the  optimum 
oxide  layer  were  higher  in  density  and  vertically  aligned  as  compared  to  the  NWs  on  the  non- 
etched  substrate.  This  clearly  indicates  the  critical  role  of  optimum  oxide  layer  thickness  for 
achieving  vertical  and  high  density  NWs.  NWs  under  Asi  lead  to  higher  radial  growth  rate  where 
as  in  case  of  AS4,  axial  growth  rate  was  favored  with  respect  to  radial.  Temperature  dependence 
photoluminescence  showed  the  presence  of  shallow  defects  for  the  NWs  grown  on  the  etched 
substrate.  Based  on  Raman  analysis,  quality  of  the  NWs  was  of  slightly  inferior  quality  as 
evidenced  by  a  broader  FWHM  and  higher  TO/LO  ratio.  For  the  sample  with  higher  density 
arcing  of  the  NWs  is  attributed  to  the  increased  strain  resulting  from  increased  Sb  incorporation. 
Further  study  needs  to  be  done  for  improving  the  quality  of  GaAsSb  nanowires  with  higher 
density. 
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CHAPTER  8 

Compositional  variation  of  Sb  in  Ga  Assisted  Axial  GaAs/GaAsSb/GaAs 
Heterostructure  Nanowires  on  Chemically  Etched  Si  Substrate 
8.1  Introduction 

GaAs/GaAsSb  NWs  have  been  promising  structures  for  the  near  IR  region  for  its 
application  in  the  devices  like  photodetectors  on  a  nanoscale.  But  for  applications  closer  to  the 
optical  window  of  1.3  pm,  the  Sb  composition  needs  to  be  varied  in  these  NWs.  But  varying  the 
Sb  composition  through  standard  epitaxial  techniques  is  typically  very  challenging.  There  are 
several  factors  such  as  large  miscibility  gap  for  ternary  alloys,  the  low  vapor  pressure  for 
elemental  Sb  and  the  tendencies  for  the  materials  to  include  material  defects.  To  date,  there  have 
been  several  reports  on  the  axial  heterostructure  growth  of  both  Au  assisted  and  Au  free 
GaAs/GaAsSb  NWs  by  MBE  [15,  30,  128].  Extensive  photoluminescence  study  has  also  been 
performed  for  a  better  understanding  on  its  structure  [129].  There  have  been  several  reports  that 
GaAsSb  as  an  insert  in  GaAs  NW  producing  emission  peaks  at  1.26  eV  and  1.25  eV  [29].  In  fact, 
further  Sb  incorporation  in  such  a  structure  has  the  potential  of  driving  the  wavelength  towards 
the  telecommunication  spectrum.  Moreover,  vertical  growth  of  such  structures  would  improve 
the  device  efficiency. 

In  this  work,  Sb  composition  was  varied  from  1  to  4.5  at.  %  in  the  axially  grown  GaAsSb 
insert.  Ga  assisted  GaAs/GaAsSb  axial  heterostructures  grown  by  molecular  beam  epitaxy  on 
etched  Si  (111)  substrates  have  been  studied.  Four  sets  of  single  inserted  GaAs/GaAsSb  NWs 
samples  with  different  at.  %  compositions  of  Sb  varying  from  0  to  4.5  were  used  to  perform  a 
systematic  study  on  the  effect  of  Sb  incorporation  in  the  axial  structure  and  correlate  to  its  optical 


properties. 
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8.2  Experimental  Details 

All  the  NWs  were  grown  on  chemically  etched  p-type  Si  (1 1 1)  substrates  by  the 
conventional  EPI  930  MBE  system.  The  substrates  were  initially  etched  with  piranha  solution 
and  HF  followed  by  oxidation  in  ambient  atmosphere.  The  entire  NW  growth  was  accomplished 
in  three  parts,  i.e.,  GaAs  stem,  GaAsSb  insert  and  GaAs  cap.  Initially,  the  GaAs  stem  was  grown 
for  112seconds,  followed  by  the  GaAsSb  as  an  insert  for  15  minute  with  GaAs  cap  for 
1 12seconds  at  the  end.  After  loading  the  substrate  into  the  growth  chamber,  the  NW  growth  was 
initiated  by  first  opening  the  Ga  shutter  for  15s  followed  by  the  opening  of  AS4  flux  (4.8x  10  6 
Torr  BEP)  for  the  growth  of  GaAs  as  the  NW  stem.  The  GaAsSb  insert  growth  was  then 
performed  by  allowing  Sb  flux  which  varied  for  achieving  the  different  compositions.  A  GaAs 
cap  layer  was  grown  by  terminating  the  Sb  flux.  The  he tero structured  NWs  of  GaAs  (0  at.  %  Sb), 
GaAs/GaAsSb/GaAs  (1  at.  %  Sb),  GaAs/GaAsSb/GaAs  (2.6  at.  %  Sb),  GaAs/GaAsSb/GaAs  (4.5 
at.  %  Sb)  referred  as  SI,  S2,  S3  and  S4,  respectively,  were  grown.  The  samples  were 
characterized  by  various  instruments  which  are  mentioned  in  details  in  chapter  3. 

8.3  Results 

8.3.1  Morphological  analysis.  Figure  8.1  shows  the  SEM  images  of  the  NWs  with 
different  composition  of  Sb  varying  from  0  to  4.5  at.%  in  the  GaAsSb  insert  in 
GaAs/GaAsSb/GaAs  core  NW.  Assessing  the  diameter  to  be  between  70  nm  to  200  nm,  the  NWs 
were  measured  for  their  uniformity  and  shape  variation  along  the  length  of  the  NWs.  The  amount 
of  Sb  in  the  insert  is  gradually  increased  with  Sb  at.  %  from  sample  SI  to  S4  as  0,  1,  2.6  and  4.5 
respectively.  As  the  Sb  concentration  increases  distinct  morphological  changes  have  been 
observed  along  with  faceted  growth.  Inverted  conical  shaped  NWs  were  found.  Sb  act  as  a 
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surfactant  which  can  enhance  the  lateral  growth  and  decrease  the  axial  growth  [130].  This  results 
in  increase  in  the  lateral  growth  which  is  consistent  with  our  experimental  results. 

Composition  variation  of  Sb  in  the  GaAsSb  insert  in  GaAs/GaAsSb/GaAs  core  NWs. 


Figure  8.1.  SEM  images  of  the  NWs  with  different  composition  of  Sb  varying  from  0  to  4.5  at. 
%  in  the  GaAsSb  insert  in  GaAs/GaAsSb/GaAs  core  NW. 

There  is  an  increase  of  the  diameter  of  the  NWs  from  80  nm  (SI);  123  nm  (S2);  126  nm 
(S3)  to  230  nm  (S4).  Due  to  the  difference  in  the  growth  time  there  was  change  in  the  height  of 
the  NWs  from  0.84  pm  to  7.15  pm.  The  density  of  the  wires  was  -3x10  8  cm  2.  Sample  SI,  S2 
and  S3  had  >  95%  vertical  wires  while  S4  had  curve  at  an  angle  of  83.8°  from  the  base.  SI  and 
S2  were  very  cylindrically  uniform.  Hexagonal  facets  can  be  clearly  seen  for  S4,  whereas  the 
shapes  of  the  S3  NWs  were  conically  inverted  in  shape.  The  shape  changes  would  be  due  to  the 
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difference  in  the  Sb  incorporation  [10,  131].  In  sample  S3,  the  lower  section  of  the  NW  is  thinner 
which  gradually  enlarges  radially  with  the  growth  of  the  NWs.  The  thinner  section  refers  to  the 
pure  GaAs  stem.  The  overgrowth  is  due  to  certain  facets  that  evolve  along  the  sidewalls.  This 
indicates  the  Sb  induced  lateral  growth  enhancement.  This  constriction  at  the  interface  between 
the  top  GaAsSb  segment  and  bottom  GaAs  segment  is  in  good  agreement  with  the  TEM 
observation,  discussed  later. 

8.3.2  Sb  composition  by  EDX.  In  order  to  study  the  Sb  composition,  EDX  scans  were 
performed  on  the  NWs.  Figure  8.2  below  shows  the  EDX  spectra  for  NW  (S2)  showing  the  Ga, 
As  and  Sb.  It  was  found  to  have  lat.  %  of  Sb  in  the  NWs. 


Figure  &2.Shows  the  EDX  spectrum  of  a  GaAs/GaAsSb  NW  with  1  at.  %  Sb. 
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Table  8.1 


The  dimensions  of  the  NWs  and  Sb  at.  %  along  the  length  of  S2 


NW  segment 

Diameter(nm) 

Length  (pm) 

Sb  at.  % 

GaAs 

~125 

1.16 

-0 

GaAsSb 

~125 

2.41 

~1 

GaAs 

~125 

1.10 

~o 

Similar  analysis  was  done  on  NWs  with  higher  concentration  of  Sb.  Figure  8.3  below 
shows  EDX  spectra  for  4.5  at.%  Sb  and  the  Table  8.1  depicting  the  segment  size  along  with  the 
Sb  content  along  the  NW. 


1  2  3  4  3 — L_6  7  8  9  10 


KeV 


Figure  8.3.  Shows  the  EDX  spectrum  of  a  GaAs/GaAsSb  NW  with  4.5  at.  %  Sb. 
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Table  8.2 


The  dimensions  of  the  NW  and  Sb  at.  %  along  the  length  ofS4 


NW  segment 

Diameter  (nm) 

Length  (pm) 

Sb  at.% 

GaAs 

~  280 

~0.3 

-0 

GaAsSb 

126 

~  1.5 

~4.5 

GaAs 

126 

~0.6 

~o 

8.3.3  STEM  Study.  Figure  8.4  (a)  shows  the  dark  field  STEM  image  of  a  core 
GaAs/GaAs  0.955  Sb  0.045/GaAs  NW.  NW  exhibited  a  ZB  structure  single  crystal  (as  shown  in 
Figure  8.4  (d))  throughout  the  entire  wire  except  towards  the  top  where  patches  of  stacking  faults 
and  twin  defects  were  observed  (Figure  8.4  (b).  These  defects  can  be  controlled  by  altering  the 
growth  parameters  during  the  termination  process.  Another  NW  which  probably  was  broken  off 
at  the  tip  showed  no  defects  in  the  body  as  shown  in  Fig. 8. 4  (e). 
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Figure  8.4.  (a)  TEM  image  of  the  core  NW  (b)  HR-TEM  image  displaying  the  stacking  faults 
and  twinning  defects.  (c)SAED  pattern  showing  the  ZB  crystal  structure.  (d)ZB  structure  and  (e) 


TEM  image  of  NW2  with  the  ZB  structure  (inset)  and  the  SAED  pattern  (inset). 
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8.3.4  X-  Ray  Diffraction.  Figure  8.5  displays  the  29  scan  of  X-ray  diffraction  spectra  for 
the  core  samples  SI,  S2  and  S4.  The  prominent  peaks  were  56.28°  for  core  GaAs  (111)  NWs, 
55.88°  for  GaAsSb,  90.16°  for  GaAs  (333)  and  94.93°  for  Si  (333)  which  were  identified  from 
the  JCPDS  standard  database.  Based  on  the  obtained  peaks,  different  orders  of  reflection  of  (1 1 1) 
planes  was  confirmed.  The  FWHM  was  calculated  for  all  of  the  peaks  and  were  analyzed.  There 
is  a  shift  in  the  29  from  sample  SI  to  S4.  Occurrence  of  only  GaAs  (nnn)  and  GaAsSb  (nnn) 
XRD  peaks  confirm  the  vertical  orientation  of  these  NWs.  Here  ‘n’  represents  the  miller  indices 
(hkl). 


Figure  8.5.  The  XRD  spectra  of  GaAs/GaAsSb/GaAs  for  different  concentrations  of  Sb 
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depicting  the  occurrence  of  different  planes  of  GaAs,  GaSb  and  Si.  (a)  Shows  the  20°  region 
from  50°  to  60°,  (b)  from  86°  to  96°and  (c)  the  GaAsSb  (222)  peak  for  S4  sample. 

8.3.5  Photoluminescence.  Figure  8.6  shows  the  4K  photoluminescence  spectra  of  the 
samples  with  Sb  at.  %  varying  from  0  to  4.5. 


Figure  8.6.  4K  PL  spectra  with  Sb  at.  %  varying  from  0  to  4.5. 

Figure  8.7  shows  the  temperature  dependence  of  axial  GaAs/GaAsSb  NWs  (S2  and  S4). 
As  expected,  the  intensity  of  the  peak  decreases  with  increasing  temperature  which  is  due  to  the 
thermal  escape  of  electrons  from  GaAs  well  to  GaAsSb  barrier  for  the  PL  quenching  [113].  This 
is  well  known  temperature  dependence  of  energy  band  gap  and  is  related  to  increase  of 
interatomic  spacing  with  increasing  temperature.  It  was  observed  that  GaAs  NWs  also  exhibited 
peaks  at  1.47  eV  and  1.33  eV  which  corresponded  to  the  ZB  band  to  band  transition  and  As 
defect  (Vas)  level  [132].  The  PL  transitions  observed  in  the  samples  are  due  to  two  energy  levels 
The  first  one  is  located  0.14  eV  below  the  conduction  band  which  is  known  as  As  vacancy  level 
(Vas)  and  the  second  one  is  attributed  to  a  level  L.  This  possible  energy  level  L  could  be  due  to 


110 


an  EL2  midgap  donor  level  [133-135]  or  a  surface  defect  level.  The  surface  Fermi  level,  which  is 
expected  to  be  pinned  at  the  surface  defect  level  below  the  conduction  band,  is  reported  to  vary 
when  Sb  composition  changes,  Ep=0.70-0. 1 92x,  where  x  is  Sb  composition.  Although  the 
identity  is  not  clear  of  this  energy  level,  it  is  placed  in  the  middle  of  the  type  II  transition. 


Figure  8. 7.Temperature  dependent  PL  spectra  for  both  (a)  S2  and  (b)  S4. 

Figure  8.8  depicts  the  intensity  dependent  PL  analysis  of  single  segmented  GaAsSb  NWs 
with  Sb  at.  %  of  1(S2)  and  4.5  (S4).  The  prominent  PL  peak  observed  were  0.67  eV  andl.35  eV 
for  S2  where  as  it  was  0.61  eV  and  1.21  eV  for  S4.  For  S4,  the  Gaussian  fit  of  the  PL  spectra 
resulted  a  peak  at  1.21  eV  from  CB  GaAs  to  the  VB  GaAsSb  (Figure  8.8(b))  exhibiting  a  blue 
shift  of  ~  50  meV  when  the  incident  PL  power  was  increased  by  60  times.  This  type  of  large  blue 
shift  is  signature  of  type  II  structures  which  is  caused  by  confinement  of  carriers  in  a  narrow 
bandwidth  due  to  electric  field  induced  band  bending  [113,  136,  137].  The  electric  field  is 
created  by  the  spatial  separation  of  electron  and  hole  pairs  in  these  structures.  Thus  this  transition 
is  assigned  to  ZB  GaAs  conduction  band  (CB)  to  ZB  GaAsSb  (VB)  as  shown  in  Figure  8.8. 
Further  convoluting  the  peak  at  16P,  two  peaks  were  found  namely  1.07  eV  and  1.22  eV.  These 
transition  could  be  explained  by  considering  the  Vas  defect  level  just  below  the  conduction  band 
of  ZB  GaAs [132].  The  1.07  eV  peak  could  be  a  transition  from  the  VAs  defect  level  to  VB  of 
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GaAsSb  and  1.22  eV  peak  is  attributed  to  CB  of  GaAs  to  VB  of  GaAsSb.  The  lower  energy 
peak  would  be  from  energy  level  L  to  GaAsSb  VB. 


Figure  8.8.  Intensity  dependent  photoluminescence  spectra  for  core  sample  containing  (a)  S2  (b) 
S4. 

As  shown  in  Figure  8.9(a),  the  two  transition  occurring  are  assigned  as  from  VAs  defect 
level  to  the  GaAsSb  VB  and  from  the  surface  defect  level  to  the  GaAsSb  VB.  For  S2  i.e. 
GaAs/GaAs  0.99  Sb  0.01  we  have  an  abnormal  redshift  of  1 1  meV  with  increasing  intensity  from 
0.5  mW  to  35  mW.  This  can  be  explained  by  the  concept  of  radiation  heating[l  13].  At  low 
concentrations  of  Sb,  a  very  small  blue  shift  is  overcome  by  a  red  shift  caused  by  radiation 
heating  leading  to  overall  redshift  of  1 1  meV  as  shown  in  Figure  8.9  (a).  With  increasing 
incident  intensity,  the  band  bending  is  more  pronounced  at  the  interface  which  leads  to  large  blue 
shift.  It  was  also  observed  that,  the  blue  shift  was  increased  with  increasing  Sb  content,  which 


might  be  due  to  the  strong  type  II  transition  with  increasing  Sb  content. 
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Figure  8. 9.  Proposed  schematic  energy  band  diagram  for  (a)  GaAs  and 

(b)  GaAs/GaAs  0.955  Sb  0.045/GaAs.  Since  thickness  of  the  quantum  well  is  large,  the  energy  band 
for  GaAsSb  has  discontinuity  symbol. 

8.3.6  Raman  Analysis.  Figure  8.9  above  shows  the  Raman  spectra  of  the  samples 
SI  to  S4.  The  peak  is  found  to  shift  from  268.8  to  263.5  cm  1  which  correspond  to  the  TO  mode 
for  GaAs.  It  is  found  that  there  is  a  shift  of  the  peak  to  lower  wavenumber  indicating  the  higher 
incorporation  of  Sb  in  the  NWs.  There  is  an  additional  peak  at  290.1  cm  1  corresponding  to  the 
LO  mode  of  GaAs.  A  shoulder  shift  of  the  LO  peak  towards  the  lower  wavenumber  from  290 
cm  1  to  283.4  cm  1  is  also  observed  in  both  SI  and  S4.  This  could  be  due  to  the  small  size  of  the 
nanowires  that  define  the  Raman  correlation  length  or  due  to  any  coaxial  strain  developed  in  the 
nano  wires  [90].  This  can  be  correlated  with  strain  developed  resulting  in  the  curving  of  the 
nanowires  as  found  in  the  SEM  micrographs.  FWHM  of  the  broadened  peaks  were  found  to  be 
8.7  and  20.7  cm  1  for  GaAs  like  TO  and  the  shifted  LO  mode,  respectively. 

The  broadening  of  the  FWHM  of  the  LO  mode  clearly  shows  the  strain  present,  which  is 
consistent  with  the  SEM  results.  Another  possibility  could  be  the  stationary  position  of  the 
substrates  during  the  growth.  Further  investigation  is  needed  for  reduction  of  this  strain  and 
better  incorporation  of  Sb  into  the  NWs.  These  are  preliminary  data  and  further  growth 
optimization  will  be  initiated.  Hence,  a  fairly  good  optical  and  structural  quality  of  the  GaAsSb 
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NWs  grown  so  far  show  great  promise  for  applications  in  the  1.3  pm  region  and  longer 
wavelength  for  optical  communications. 
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Figure  8.10  Raman  spectra  depicting  the  shift  in  the  peak  (encircled)  with  the  variation  in  the  at. 
%  of  Sb  in  the  samples  from  SI  to  S4. 

8.4  Conclusion 

In  conclusion,  Sb  was  incorporated  in  GaAsSb  insert  in  axially  grown  GaAs/GaAsSb 
NW  with  Sb  at.  %  varying  from  lto  4.5.  These  NWs  exhibited  single  crystal  ZB  structure  defect 
free  structure  in  the  body  of  the  GaAsSb  insert  and  exhibits  combination  of  planar  defects  like 
twins  and  stacking  fault  only  near  the  tip.  SEM  results  showed  that  as  the  Sb  concentration 
increases,  distinct  morphological  changes  like  inverted  conical  shaped  NWs  have  been  observed 
along  with  faceted  growth.  XRD  exhibited  only  (nnn)  peaks  which  confirm  the  vertical 
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orientation  of  these  NWs.  Prominent  PL  peaks  at  1.21  eV  in  4.5  at.  %  Sb  showed  a  blue  shift 
with  the  intensity  variation  confirming  a  type  II  transition. 
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CHAPTER  9 

Summary  and  Scope  of  Future  Work 

9.1  Summary 

9.1.1  GaAs/GaAsSb  Segmented  NWs.  A  systematic  study  on  the  growth  and 
characterization  was  carried  out  with  two  sets  of  axial  NW  structures:  (a)  single  segment 
GaAsSb  (Nl)  and  (b)  double  segment  GaAsSb  (N2).  High  quality  self-catalyzed 
GaAs/GaAsSb/GaAs  nanowires  were  grown  on  Si  (111)  substrates.  Extensive  growth  study  was 
performed  by  varying  different  parameters  namely,  growth  temperature  and  V/III  ratio.  These 
growths  were  calibrated  by  using  Ga  as  a  catalyst  and  varying  the  growth  temperature  in  the 
window  of  580°C-620°C  with  a  constant  V/III  BEP  ratio  for  Ga  and  As.  GaAsSb  segments  of 
length  varying  from  1  pm  to  3.48  pm  were  inserted  in  the  GaAs  NWs.  High  quality  NWs  were 
obtained  at  the  growth  temperature  of  620°C.  The  core  diameter  of  the  NWs  varied  from  150-180 
nm  with  height  up  to  7.15pm.These  NWs  exhibited  pure  ZB  phases  with  randomly  spaced 
stacking  faults  and  multiple  twins.  The  NW  density  was  in  the  range  of  4x10  6  cm  2  to  3xl07  cm"2. 
More  than  80%  of  the  NWs  were  vertically  aligned  in  (1 1 1)  direction  normal  to  the  orientation  of 
the  substrate. 

Low  temperature  PL  study  provided  a  good  understanding  of  the  nature  of  the  defects. 
Double  segmented  GaAsSb  NWs  provided  higher  PL  intensity  in  comparison  to  single 
segmented  NWs,  with  a  relatively  asymmetric  line  shape  and  high  energy  cut  off.  There  was 
little  variation  in  the  LWHM  with  the  PL  temperature  and  Tdeioc  was  also  found  to  be  less  due  to 
small  range  of  localization  energies.  However,  single  segmented  GaAsSb  NWs  LWHM  spectra 
exhibited  an  inverted  S-curve  indicative  of  strong  exciton  localization.  A  relatively  lower  TO/LO 
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GaAs  phonon  Raman  peak  ratio  as  well  as  a  lower  FWHM  of  these  two  modes  in  double 
segmented  GaAsSb  NWs  attest  to  the  better  quality  of  these  NWs. 

9.1.2  High  density  and  vertical  NWs.  Optimization  on  the  growth  condition  was  carried 
out  on  GaAs  NWs  to  achieve  high  density  and  vertical  NWs.  Influence  of  three  main  growth 
parameters  investigated  were:  (a)  V/III  ratio,  (b)  As  species  and  (c)  duration  of  Ga  shutter 
opening.  With  a  growth  temperature  of  620°C  and  a  constant  duration  of  Ga  shutter  opening, 
when  the  V/III  ratio  was  increased  from  6  to  20,  there  was  a  steady  increase  in  the  density  of  the 
NWs  with  a  maximum  of  3  x  10  cm'".  The  role  of  AS4  over  As2  was  found  to  affect  the  growth 
rate  of  the  NWs.  AS4  lead  to  twice  the  growth  rate  indicating  the  diffusion  length  of  Ga  to  be 
larger  in  comparison  to  Asi  flux.  V/III  ratio  increases  with  corresponding  increase  in  the  duration 
of  Ga  opening.  The  extrapolated  plots  of  V/III  ratio  vs  duration  of  Ga  opening  led  to  the 
optimum  growth  temperature  of  620°C  with  a  V/III  ratio  of  20  resulting  in  NWs  of  density  of  5.9 
xlO  cm'"  and  with  high  verticality.  As  the  V/III  ratio  increases,  there  should  be  a  corresponding 
increase  in  the  duration  of  Ga  opening  too.  This  combination  would  result  in  having  a  higher 
vertical  and  denser  yield  of  NWs. 

To  increase  the  NW  density  further  chemical  etching  and  subsequent  oxidization  in  air  of 
the  substrate  prior  to  the  growth  was  investigated.  Si  (111)  substrates  were  chemically  treated 
with  piranha  solution  and  later  oxidized  in  an  ambient  atmosphere.  This  resulted  in  forming  a 
favorable  Si02  layer  on  the  substrate  with  an  rms  roughness  value  of  2.57  nm  confirmed  by  the 

o 

AFM  measurements.  The  thickness  of  the  layer  was  Si02  approximately  9.1+2A.  Using  this 
approach  significant  increase  in  NW  density  reaching  up  to  8x10  cm'"  was  obtained.  However, 
a  comparison  of  the  non-etched  and  etched  samples  indicated  the  etched  samples  to  be  somewhat 
of  superior  quality  in  terms  of  strain  and  defects  based  on  the  Raman  and  TEM  data. 
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Using  these  optimized  growth  conditions  effect  of  the  Sb  variation  was  examined  where 
Sb  at.  %  varied  from  0  to  4.5  in  the  inserts  of  the  axially  grown  NWs.  Presence  of  prominent 
XRD  peaks  of  GaAs  (111),  GaAsSb(l  1 1)  and  Si(333)  is  clear  evidence  of  vertical  orientation  of 
the  NWs.  The  peak  shifts  towards  lower  Bragg  angle  with  corresponding  increase  in  the  FWHM 
are  consistent  with  the  increased  Sb  incorporation  in  the  NW.  Strain  accumulation  in  the  NW 
caused  curving  of  the  NWs  at  higher  Sb  concentration  of  4.5  at.  %.  These  NWs  exhibited  single 
crystal  ZB  structure  with  some  combination  of  planar  defects.  PL  emission  of  1.21  eV  and  1.16 
eV  were  obtained  for  GaAs/GaAs  0.99  Sb  0.01/GaAs  NWs  and  GaAs/GaAs  0.955  Sb  0.045/GaAs 
NWs,  respectively.  A  blue  shift  of  ~50  meV  of  the  1.21  eV  peak  under  intensity  variation 
indicated  a  type  II  type  of  transition  for  Sb  concentration  of  4at.  %. 

9.1.3  Doping.  For  a  good  device,  the  p-type  doping  incorporation  was  studied  in  details 
on  a  core-shell  GaAs  NW  configuration  and  elemental  Be  was  examined  for  p-type  dopant.  A 
detailed  investigation  on  the  V/III  ratio  of  the  core,  shell  and  Be  cell  temperature  on  the  Be 
incorporation  was  performed.  Beside  core,  the  shell  configuration  played  an  important  role  in  the 
Be  incorporation  in  the  NWs.  The  V/III  ratio  of  35  for  the  shell  configuration  with  a  Be  cell 
temperature  of  990°C  was  found  to  be  optimum  for  higher  Be  incorporation.  The  prominent 
photoluminescence  peak  in  the  range  of  1.48-1.51  eV  confirmed  the  Be  incorporation  in  the 
NWs.  Room  temperature  Raman  analysis  and  the  I-V  measurements  of  the  NWs  were  also 
consistent  with  enhanced  Be  incorporation  at  the  above  stated  shell  growth  condition. 

9.2  Future  Work 

These  are  preliminary  data  and  a  fairly  good  optical  and  structural  quality  of  the  GaAsSb 
NWs  grown  so  far  show  great  promise  for  applications  in  the  1.3  pm  region  and  longer 
wavelength  in  fiber  optics  for  quantum  networking.  To  reach  the  1.55  pm  optical  window 
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requires  significant  increase  in  Sb  and  that  may  be  challenging.  More  work  needs  to  done  in  this 
direction  by  increasing  the  number  of  GaAsSb  inserts  and  further  study  on  the  effect  of  Sb 
concentration  on  material  deterioration  needs  to  be  addressed. 

As  already  growth  parameters  are  optimized  for  GaAs/GaAsSb  axial  NWs  for  4.5  at.% 

Sb  concentration  and  a  study  of  p-type  doping  study,  a  natural  sequence  is  the  device  fabrication. 
Hence  a  parallel  path  is  recommended  for  the  demonstration  of  photodetector  of  high  sensitivity. 
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